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ABSTRACT 
TRACE METAL BIOGEOCHEMISTRY IN THE WESTERN NORTH PACIFIC 
Peter Lynn Morton 
Old Dominion University, 2010 
Director: Dr. John R. Donat 
Dissolved and suspended particulate samples collected during the 
Intergovernmental Oceanographic Commission 2002 Contaminant Baseline Survey were 
analyzed to determine the surface and vertical distributions of Cd, Co, Cu, Mn, Ni Zn and 
Pb across the western and central North Pacific. 
Dissolved trace metal concentrations were measured using a novel isotope 
dilution-ICP-MS method after extraction over an 8-hydroxyquinoline resin column and 
validated through the use of the SAFe consensus reference materials. Filtered suspended 
particulate matter was digested using an HCI/HNO3/HF mixture and analyzed by HR-
ICP-MS to obtain total particulate concentrations for the trace metals and other tracer 
elements such as Al, Ti and P. 
Particulate Mn, Fe and Al distributions reveal the importance of margin-derived 
material to the North Pacific. Redox-mobilization and resuspension processes were 
identified through particulate distributions and elemental ratios (i.e., Mn/Fe and Mn/Al). 
Further comparison with the hydrography of the western North Pacific revealed an 
extensive intermediate water mass transport system capable of advecting material beyond 
the immediate continental shelf. Elevated particulate Mn and Fe concentrations 
originating from the Kuril-Kamchatka margin are found in the central North Pacific as 
well as across the Kuroshio-Oyashio front. 
Dissolved trace metal concentrations in the surface waters of the Western 
Subarctic Gyre (WSAG) are as much as 100 times higher than in typical open-ocean 
surface waters. Upwelling of trace-metal enriched deep waters is a significant source for 
some metals (Ni, Cu, Cd and Zn) while inputs from the nearby shelf sediments supply 
additional Mn and Co to the WSAG. Comparisons of particulate trace metal distributions 
with lithogenic (Al, Ti) and biogenic (P) tracers reveal the close association of Cd and P, 
while particulate Co is associated with both biogenic and authigenic (Mn-oxide) particles. 
Dissolved and particulate Pb distributions are distinct from the other trace metals. 
Higher dissolved concentrations in surface and mode waters are well-correlated with the 
Kuroshio Current/Extension. Furthermore, vertical profiles of particulate Pb near Japan 
suggest subsurface inputs in addition to atmospheric inputs. A possible source for this Pb 
is the East China Sea, a marginal sea heavily influenced by anthropogenic inputs. 
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CHAPTER 1 
SYNOPSIS OF HYDROGRAPHY AND RELEVANT FEATURES OF THE 
WESTERN NORTH PACIFIC OCEAN 
1. Introduction 
The study of trace metals in the oceans is a paradoxical one, as the exceedingly 
low concentrations of these metals (pM to nM) belie their global importance (Bruland 
and Lohan, 2003; Donat and Bruland, 1995; Morel et al., 2003). Marine microorganisms 
are extremely sensitive to minute changes in marine trace metal chemistry (Morel, 2008; 
Saito et al., 2008; Saito et al., 2003; Wei et al., 2003), which in turn affect primary 
productivity and even global climate through the biological pump (Raven and Falkowski, 
1999). For example, photosynthetic processes require high concentrations of both Fe and 
Mn (Morel et al., 2003). Several nitrogen-cycle processes possess not only a high 
requirement for Fe but also for Cu (amino acid oxidation, ammonium oxidation) and Ni 
(urease) as well (Morel et al., 2003). Carbonic anhydrase, an enzyme essential for the 
conversion of HCO3" to the RuBisCo substrate CO2, requires Zn, Cd, or Co to function 
(Lane and Morel, 2000; Lane et al., 2005). In addition to the beneficial effects of trace 
metals to marine microbiology, some metals may also act as toxins, often depending on 
the relative concentrations of other trace metals of similar size, charge and chemistry 
(Morel et al., 2003; Saito et al., 2008; Wei et al., 2003). Therefore, an understanding of 
trace metal biogeochemistry is critical for the complete understanding of global 
geochemical cycles (Morel et al., 2003; Saito et al., 2003). 
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Despite the importance of trace metal biogeochemistry and the great advances 
made in the last 25 years in reliable sample collection and analysis, large regions of the 
oceans remain understudied, including the western North Pacific. This area (Fig. 1) 
encompasses several physical oceanographic subregions, including the high-nutrient, 
low-chlorophyll (HNLC) Western Subarctic Gyre (WSAG), the oligotrophic North 
Pacific subtropical gyre, and the western boundary Kuroshio and Oyashio Currents as 
well as the mixed water region between them (Measures et al., 2006). While studies in 
the western North Pacific for the most part have focused on Fe supply and transport 
(Brown et al., 2005; Duce and Tindale, 1991; Lam and Bishop, 2008; Nishioka et al., 
2007), some research has addressed the biogeochemical cycles of other trace elements 
such as Al (Measures et al., 2005); Mn, Co, Ni, Cu and Zn (Fujishima et al., 2001); Ag 
(Ranville and Flegal, 2005); As and Sb (Cutter and Cutter, 2006); Ga and Pb (Shiller and 
Bairamadgi, 2006); and Hg (Laurier et al., 2004). 
Additionally, the interactive influences between trace metals and the marine 
microbes of the western North Pacific have been investigated on at least two occasions in 
recent years. In 2001, changes in trace metal concentrations were studied during an Fe-
fertilization experiment (SEEDS2001) carried out in the WSAG (48.5°N, 165°E) of the 
North Pacific (Kinugasa et al., 2005; Tsuda et al., 2003). During the subsequent diatom 
bloom, the surface water concentrations of dissolved Co, Ni, Cu and Zn were observed to 
decrease at ratios similar to those of phytoplankton elemental stoichiometry (Kinugasa et 
al., 2005). During the 2002 Intergovernmental Oceanographic Commission Contaminant 
Baseline Study (IOC 2002), which sailed from Japan to Hawaii (Fig. 2), Fe-additions to 
bottle incubations resulted in increased phytoplankton growth rates (mainly those of the 
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cyanobacterium Synechococcus) within the WSAG, where surface macronutrient 
concentrations are high due to upwelling (Selph et al., 2005). Similar Fe-addition 
incubations conducted within the subtropical gyre (where surface macronutrient levels 
are exceedingly low) only slightly stimulated phytoplankton growth, whereas mineral 
nutrient additions (ammonium, phosphate, Mn, and Fe) had a much greater impact on 
phytoplankton growth (Selph et al., 2005). These studies demonstrate that, in the western 
North Pacific, Fe-additions selectively stimulate phytoplankton growth (diatoms or 
Synechococcus over other species) and that both macro- (Selph et al., 2005) and trace-
nutrient dynamics (Kinugasa et al., 2005) are closely linked to the marine microbiology 
of the various subregions. 
Even with these contributions to an understanding of the region, trace metal 
biogeochemical cycling in the western North Pacific has yet to be fully elucidated, due in 
part to the variety of physical processes that supply and transport trace metals throughout 
the region. While mineral dust deposition from the Gobi Desert has been implicated as a 
major source of Fe and other trace metals to the western North Pacific surface waters 
(Duce and Tindale, 1991; Jickells et al., 2005; Uematsu et al., 2003), other sources such 
as anthropogenic aerosols, upwelling, marginal seas, and continental shelf and slope 
sediments may also contribute significantly. Since the trace metal inputs likely differ 
depending on the source (Chuang et al., 2005; Lam and Bishop, 2008; Sedwick et al., 
2007), it is important to consider where the material originates and how it is transported 
when investigating trace metal cycles among the different subregions. Satellite data, 
aircraft and ground samplers reveal that both industrial emissions and mineral dust are 
transported from eastern Asia across the North Pacific, with industrial aerosols being 
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Fig. 2. Cruise track of the Intergovernmental Oceanographic Commission 2002 Contaminant Baseline Survey. 
Surface nutrient and/or trace metal samples (••••) and vertical profile stations (•). 
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chemically distinguishable from mineral dust by the deviation of elemental ratios from 
crustal abundance (Chuang et al., 2005; Jaffe et al., 2003; Lin et al., 2007; Sedwick et al., 
2007). Upwelling within the WSAG can mix higher or lower concentrations of metals 
from deep or intermediate waters to the surface (Brown et al., 2005). Marginal seas such 
as the East China Sea and the Sea of Okhotsk could introduce metals to the western North 
Pacific by horizontal transport at surface or intermediate depths (Lin et al., 2000; 
Nishioka et al., 2007). Remobilization and/or resuspension of sedimentary material from 
the Kamchatka/Kuril margin can also be a source of trace metals to the North Pacific 
(Lam and Bishop, 2008). In addition, as discussed above, marine microbiology and trace 
metal concentrations are closely linked; variations in trace metal supply to the different 
subregions of the western North Pacific could impact microbial community structure and 
primary productivity. 
It is for the reasons presented above that I investigated the biogeochemical cycles 
of the trace metals Cd, Co, Cu, Mn, Ni, Zn and Pb in the western North Pacific, using 
samples collected during the IOC 2002 expedition. Previous studies in the region have 
suggested that margin inputs may be an underappreciated source of trace metals to the 
western North Pacific (Lam and Bishop, 2008). Furthermore, surface and intermediate 
water masses have been shown to transport trace metals from the margin to the open 
ocean (Measures et al., 2005; Nishioka et al., 2007). Since each metal will likely be 
influenced by multiple processes, I sought to identify and track the various sources and 
transport processes through the biogeochemical cycles of lithogenic (e.g., Al, Ti), 
biogenic (e.g., P), and anthropogenic (e.g., Pb) tracers. 
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Specifically, I addressed the following questions: 
Are the effects of margin processes limited to the immediate continental 
shelf/slope? Is horizontal advection of intermediate water masses a significant influence 
over trace metal distributions in the western North Pacific? 
Lam and Bishop (2008) found evidence of margin inputs far from the immediate 
coast of the Kuril-Kamchatka margin. The station locations of the IOC 2002 cruise 
include sites along the margins as well as those downstream of major ocean currents that 
pass along the margin. Where else can these margin materials be found? What effect do 
these currents have on trace metal distributions? 
Do margin inputs affect the distribution of trace metals other than Fe or Mn? 
Trace metals associated with Mn and Fe might also be affected by the sediment 
redox processes that allow Mn and Fe to enter the water column. Are the sediments a 
source of other trace metals to the western North Pacific? How do these margin inputs 
affect the distribution of other trace metals? 
What are the mechanisms behind the extremely high dissolved trace metal 
concentrations in the surface waters of the WS AG? 
As will be shown, the dissolved surface concentrations of trace metals in the 
WSAG are some of the highest observed in the open ocean. How significant are the 
relative contributions of margin sources and atmospheric inputs of lithogenic and/or 
anthropogenic components? What role do physical oceanographic processes play in 
maintaining these unusually high concentrations? 
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The following sections of this introduction describe the most relevant sources and 
processes that impact trace metals in the western North Pacific, and cite studies 
establishing how each source or process might be traced using physical and chemical 
signatures. 
2. Trace metal sources and their tracers 
To estimate the relative contributions from the multiple sources in the western 
North Pacific, I examined trace metal surface distributions for a possible relationship 
with atmospheric deposition (surface enrichment, proximity to a source, horizontal 
gradients, etc.). A cursory look at patterns of surface water trace metal concentrations 
can indicate which regions of the North Pacific may be receiving greater atmospheric 
deposition, while vertical trace metal distributions provide additional information on a 
metal's behavior in the water column (Measures et al., 2005). Higher dissolved or 
particulate metal concentrations at the surface may indicate an atmospheric source 
(Shiller and Bairamadgi, 2006) while increased concentrations at depth may indicate 
lateral transport from intermediate water masses or remobilization from particles or 
sediments (Lam and Bishop, 2008) and/or biological uptake and regeneration processes. 
To examine the western North Pacific for evidence of horizontal advection processes, I 
identified various water masses based on characteristic physical and chemical properties, 
including temperature, salinity, density, and oxygen concentrations (Laurier et al., 2004; 
Measures et al., 2006), and then compared trace metal concentrations along the paths of 
these currents. 
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Resolving various trace metal sources in such a physically and chemically 
dynamic region presents numerous challenges. Fortunately, chemical patterns in natural 
and anthropogenic materials can act as a signature of their source (Burton and Statham, 
1988; Lam and Bishop, 2008; Maeda et al., 2007; Otosaka et al., 2004; Otosaka and 
Noriki, 2000; Sedwick et al., 2007). For example, surface dissolved Al concentrations 
have been used to model atmospheric dust deposition in the western North Pacific 
(Measures et al., 2005). Vertical profiles of dissolved Al concentrations plotted against 
depth or potential density revealed that material deposited in the western North Pacific is 
transported within subsurface mode water to the central North Pacific (Measures et al., 
2005). Investigations of Sb (Cutter and Cutter, 2006) and Ag (Ranville and Flegal, 2005) 
biogeochemistry in the western North Pacific demonstrated the value of using these 
elements as tracers of anthropogenic material originating from industrialized eastern 
Asian countries. While basic trends in concentration gradients alone can tell us a few 
things about trace metal inputs, other tools are available that can offer greater information 
about the sources of these metals and the physical and chemical processes that mobilize 
them. The following paragraphs describe several established tools that I applied to this 
study of trace metals in the western North Pacific. 
2.1. Continental/mineral inputs 
Natural mineral sources of trace metals can be traced through the presence of 
"lithogenic" elements (Greaves et al., 1999; Lam et al., 2006; Measures et al., 2005; 
Otosaka et al., 2004; Otosaka and Noriki, 2000; Shiller and Bairamadgi, 2006). Such 
10 
elements include Al (Measures et al., 2005), Ti (Buck et al., 2008), and the rare earth 
elements (Alibo and Nozaki, 1999; Greaves et al., 1999, 2001; Maeda et al., 2007; 
Otosaka et al., 2004; Otosaka and Noriki, 2000; Tachikawa et al., 1999). High dissolved 
or particulate concentrations of a lithogenic tracer can indicate the input and transport of 
crustal material. Furthermore, the fraction of a metal that is contributed by a crustal 
source can be calculated by normalizing the metal's concentration against that of a 
lithogenic tracer element, and then comparing the metal/tracer concentration ratio against 
their crustal abundance ratio; any excess over the crustal contribution is suggestive of 
another source, possibly anthropogenic (Loring, 1991). In this way, the relative 
contribution of crustal material to a metal's total concentration can be estimated. 
Variations in crustal abundances do occur, as in the waters off the coast of the 
Kuril/Kamchatka margin. Near station K2 (47°N , 161°E) in the WSAG, maxima in 
settling fluxes of particulate Fe, Mn, and Al were not observed at the surface, as would be 
expected if dust was the major source of this material to this region, but instead maxima 
were observed at 150 m (Lamborg et al., 2008). The potential densities at these depths 
(26.6-26.9 ae) intersect with Sea of Okhotsk margin sediments (Nishioka et al., 2007) and 
also the Kuril/Kamchatka margin (Lam and Bishop, 2008), suggesting lateral transport 
from these sources. 
Furthermore, the particulate Fe and Mn maxima occurred at different depths (185 
m and 135 m, respectively; Fig. 3) indicating different controls over the inputs of each 
metal (Lam and Bishop, 2008). Lam and Bishop (2008) determined that the continental 
shelf was the most probable source of the Mn-enriched material, owing to the explanation 
given below. 
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Generally speaking, coastal margins receive higher inputs of organic carbon from 
the biologically productive coastal zone, resulting in a significant flux of unoxidized 
carbon to the sediments (Burdige, 2006). While some Mn within biogenic particles may 
be mobilized during the biological consumption of settling organic material, higher rates 
of carbon export along the margin guarantee that a significant portion of carbon is buried 
in the sediments. Below the sediment surface, organic carbon can be bacterially oxidized 
which rapidly consumes dissolved oxygen or other terminal electron acceptors, driving 
the sediments to reducing conditions (Burdige, 2006). Under these conditions, Mn and 
Fe are reduced and mobilized from the particulate phase to the dissolved phase, resulting 
in an upward flux of dissolved metals (Lam and Bishop, 2008; Noriki et al., 1997). Upon 
reaching the higher oxygen concentrations in the upper sediments and overlying bottom 
waters, Fe is rapidly oxidized to insoluble oxyhydroxides and removed from solution. 
While Mn may also form analogous precipitates, the oxidation of Mn(II) by dissolved 
oxygen proceeds much more slowly than for Fe (Burdige, 2006). As a result, dissolved 
Mn(II) may escape from the sediments, the exact flux depending on such factors as 
organic carbon content, oxygen concentrations, and sedimentation rate (Burdige, 2006). 
This mobile dissolved Mn may eventually be reoxidized slowly through abiotic 
processes, or as much as 105 times faster through microbial oxidation (Bargar et al., 
2000). In either case, the resulting particulate Mn can be advected away from the 
sediment source by tidal or subsurface currents and is thus significantly enriched above 
Fe and other less mobile crustal elements, such as Al or Ti. 
As a result, evidence for continental shelf inputs can be found by comparing the 
particulate (P-) Mn/Fe or Mn/Al ratios against crustal abundance (Fig. 3). Particles 
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Fig. 3. Particulate Fe and Mn profiles and Mn/Fe ratios at Station K2 (47°N 161°E) in the WSAG. Recreated from 
profiles reported by Lam and Bishop (2008). 
K) 
13 
resulting from preferential mobilization of Mn over Fe from suboxic/anoxic shelf 
sediments are Mn-rich relative to Fe; particles from the shelf reflect this Mn-enrichment 
in higher Mn/Fe ratios (Fig. 4). Particulate transport from the slope results mainly from 
resuspension of crustal material: therefore, in this case, particulate Mn/Fe ratios more 
closely match crustal abundance (Lam and Bishop, 2008). 
At station K2 (500 km offshore of the Kuril-Kamchatka margin) particulate 
Mn/Fe (mol/mol) exceeded the crustal abundance value of-0.017, suggesting Mn 
enrichment throughout the upper 450 m (Lam and Bishop, 2008). While both 
remobilized and resuspended material are found throughout the upper 450 m at the K2 
site, there is a greater contribution of remobilized material from the shelf at 135 m, 
evident from the particulate Mn maximum at this depth (Lam and Bishop, 2008). 
Meanwhile, the particulate Fe maximum and lower Mn/Fe values at 185 m suggest that 
the input of resuspended material from the continental slope is more significant at this 
depth (Fig. 3). Similar approaches comparing particulate Mn-enrichment above crustal 
abundance to estimate margin inputs have been employed at other locations, including 
Tokyo Bay (Noriki et al., 1997), the Japan Trench (Otosaka and Noriki, 2000), and the 
northeastern Atlantic (Tachikawa et al., 1999). 
Margin inputs in the western North Pacific could be swept even further into the 
open ocean by currents circulating around the WSAG (Nishioka et al., 2007). The study 
in the WSAG by Lam and Bishop (2008) was conducted just off-shore of the Kuril 
Islands; the IOC 2002 expedition included two stations (Fig. 2: Stations 3 and 4) further 
north and east of the Lam and Bishop (2008) study. While the primary influence of 
WSAG circulation is discussed in greater detail later (see this chapter, 3. The Western 
14 
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Fig. 4. Particulate Mn/Fe ratios differ according to the mechanism of introduction to the water column. 
From Lam and Bishop, 2008. 
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North Pacific, 3.2. Oyashio Current and the Sea of Okhotsk), margin inputs observed at 
the K2 site could be advected from the Aleutian Islands or Kuril-Kamchatka Margin 
offshore by these currents. These water masses are identifiable by their 
temperature/salinity signatures, potential densities, and oxygen content. By comparing 
Mn and Fe enrichments within these water masses along their flow, the transport of 
margin material might be traced from its source. 
The significance of margin inputs goes beyond that of Fe and Mn supply to the 
western North Pacific. The biogeochemistry of each of the trace metals I investigated 
can be influenced by the formation and transport of Mn oxides (Tebo et al., 2004). Co 
(as well as Ce) has been shown to be microbially oxidized using the same biochemical 
pathway as that of Mn (Moffett, 1994; Moffett and Ho, 1996). Mn oxides are known 
scavengers of the trace metals Cu, Co, Cd, Zn, Ni, Pb, and Fe (Tebo et al., 2004 and 
references therein). During reductive dissolution of Mn oxides in sediments and the 
subsequent upward flux of dissolved Mn, other trace metals associated with the Mn 
oxides could be liberated and also escape from the sediments. Additionally, as Mn 
oxides are formed in the water column abiotically or microbially, other trace metals could 
be adsorbed to the surface and thus removed from solution. The results of this study 
reveal the interaction between Mn oxides and trace metal biogeochemistry in the western 
North Pacific, and its relative significance to other processes. 
2.2 Anthropogenic inputs 
Anthropogenic aerosols are possible carriers of trace metals to the open ocean. 
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They are of particular interest because the soluble fraction of trace metals in 
anthropogenic aerosols can be much higher than in more refractory crustal material. For 
example, recent results from a study in the North Atlantic revealed that Fe solubility in 
Saharan dust is only about 0.44%, but aerosol Fe solubility from "North American Air" 
masses is closer to 19% (Sedwick et al., 2007). While anthropogenic sources may 
potentially contribute more soluble Fe, they will also likely contain higher concentrations 
of other bioactive trace elements, such as Cd, Cu, Ni, and Co. Many trace metals can act 
as both nutrients and toxins, and coastal and marine phytoplankton such as 
Prochlorococcus and Synechococcus are especially sensitive to their concentrations 
(Bruland et al., 1991; Morel et al., 2003). Anthropogenic inputs enriched in trace metals 
could perturb the sensitive natural balance between trace metals and phytoplankton, 
potentially counteracting benefits due to the addition of Fe, suppressing primary 
productivity, or shifting the dominant microorganism population towards those more 
well-adapted to elevated concentrations of potentially toxic trace elements. 
It is therefore useful to resolve anthropogenic sources of trace metals from natural 
ones, and several tracers are available to identify anthropogenic inputs. Increasing coal 
combustion in China, Japan, and Korea has been implicated as the major source of Pb to 
the North Pacific (Boyle et al., 2005). As such, Pb can be used as a tracer of inputs of 
coal combustion in the North Pacific Ocean. Hg and Ag are also produced during coal 
combustion, and have also been used as tracers of anthropogenic inputs to the North 
Pacific (Laurier et al., 2004; Ranville and Flegal, 2005). Fuel-combustion products have 
elevated V/Al, V/Mn, and Fe/Al ratios, relative to crustal abundance (Sedwick et al., 
2007). Vanadium is useful as a tracer for anthropogenic inputs of oil-combustion 
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products, and a significant correlation (r = 0.73) has been found between aerosol V/Al 
and Fe solubility (Sedwick et al., 2007); these results suggest that anthropogenic sources 
- as indicated by higher V/Al ratios - contain a higher percentage of soluble Fe over the 
North Atlantic. A comparison of these anthropogenic tracers with other trace metals 
could reveal where anthropogenic inputs are significant in the western North Pacific. 
3. The Western North Pacific 
Selecting a location to study the influence of geochemical and physical processes 
on trace metal distributions requires careful consideration of a number of characteristics. 
In order to study natural versus anthropogenic sources of trace metals to the open ocean, 
it is necessary to select a site subject to significant proportions of both types of inputs. 
The area of study must also be broad enough in scale to observe trends in surface 
distributions from the potential sources to more remote sites of deposition. Since surface 
and subsurface currents can also transport material, it is essential to select a location 
where the physical oceanography of the relevant water masses is generally understood, in 
order to resolve the influences of vertical processes (atmospheric deposition, sinking and 
upwelling) and those of lateral processes (margin inputs and water mass transport). 
The western North Pacific (Fig. 1) satisfies the conditions listed above and 
provides a useful study region due to its location at the intersection of several significant 
geochemical and physical features (Measures et al., 2006). These features include urban 
areas, large marginal shelves and seas, and major surface currents and intermediate water 
masses capable of transporting both dissolved and particulate material throughout the 
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Pacific Ocean. While the previous section discussed the various potential sources of 
trace metals to this region, the following section describes the relevant physical processes 
that operate in the region. 
3.1. Kuroshio Current/Extension 
As a western boundary current, the Kuroshio is a swift, narrow and deep current 
with the potential to transport material from surface deposition as well as resuspended 
material collected during contact with the continental shelf and slope (Hongo et al., 2006; 
Hung et al., 1999; Zhang and Nozaki, 1998). The Kuroshio Current enters the study area 
off the coast of Japan after skirting the East China Sea (Hung et al., 1999; Lin et al., 
2000; Measures et al., 2006). The current turns east, forming a boundary between the 
Western Subarctic Gyre to the north and the subtropical gyre to the south, becoming the 
Kuroshio Extension and eventually the North Pacific Current (Qiu, 2001). The Kuroshio 
Current is of particular interest because of its potential to deliver trace elements to the 
central North Pacific. 
3.2. Oyashio Current and the Sea of Okhotsk 
Before becoming the Oyashio Current, the East Kamchatka Current originates 
within the Bering Sea and enters the North Pacific southwestward along the Kamchatka 
Peninsula. It is further fed by the waters of the Sea of Okhotsk and the Western Subarctic 
Gyre (WSAG), becoming the Oyashio Current (Yasuda et al., 2002). The Oyashio 
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Current continues along the Kuril Islands until meeting the Kuroshio Current which flows 
north in a region known as the Mixed Water Region (MWR, Measures et al., 2006). 
While a portion of the Oyashio Current is redirected eastward, subsurface water masses 
originating through brine rejection/sea-ice formation in the Sea of Okhotsk are further 
subducted within this convergence zone and form the North Pacific Intermediate Water 
(NPIW, Measures et al., 2006; Nishioka et al., 2007). 
Nishioka et al. (2007) demonstrated that the Sea of Okhotsk could be a source of 
particulate and dissolved Fe to the North Pacific when shallow shelf sediments within the 
sea are resuspended and advected by the Dense Shelf Water (DSW) portion of the 
Okhotsk Sea Intermediate Water (OSIW, Fig. 5). As discussed previously, Lam and 
Bishop (2008) also demonstrated that, in addition to the shelf sediments of the Sea of 
Okhotsk, the continental shelf and slope of the Kuril Islands can introduce Fe and Mn 
(dissolved and particulate) through resuspension and remobilization of sedimentary 
material. While Nishioka et al. (2007) sampled several offshore stations, it has yet to be 
determined just how far sediment particles are advected into the North Pacific. The 
sampling locations of the IOC 2002 expedition (Fig. 2) allow us to investigate the extent 
of these offshore transport processes. 
3.3. Western Subarctic Gyre 
The southwestward flow of the East Kamchatka/Oyashio Current forms the 
western and southern boundaries of the WSAG (Measures et al., 2006; Nishioka et al., 
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Fig. 5. The formation of Okhotsk Sea Intermediate Water (OSIW) within the Sea of Okhtosk. Along 
the northwestern shelf, seasonal sea ice formation and brine rejection form Dense Shelf Water (DSW), 
which contributes to the formation of the OSIW. This figure is for illustrative purposes only and is not 
intended to indicate the exact locations of processes and current flows. Adapted from Nishioka et al. 
(2007), Qiu (2001), Shcherbina et al. (2004a, b), Yasuda et al. (2002), You (2005). 
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surface water to move away from the center of the gyre, according to the Coriolis force in 
the northern hemisphere. To balance this removal of water from the center of the gyre, 
subsurface water is upwelled to the surface. The WSAG is also considered an HNLC 
region, due to the excess of both nitrogen and phosphorus concentrations and low 
chlorophyll in surface waters (Measures et al., 2006; Selph et al., 2005; Tsuda et al., 
2003). Atmospheric dust deposition to the WSAG, based on surface concentrations of 
dissolved Al, is estimated to be low; thus, insufficient Fe supply precludes the complete 
drawdown of surface nutrients (Measures et al., 2005). While Nishioka et al. (2007) 
estimated that the Fe-supply from the Sea of Okhotsk could be of similar magnitude to 
that of atmospheric deposition, upwelling of deeper waters to the surface carries more 
than just Fe. It is suspected that the insufficient atmospheric or fluvial inputs of Fe to the 
WSAG coupled with the upwelling of nitrogen- and phosphorus-rich deep water are 
responsible for the high N:Fe ratios, resulting in low productivity and excess surface 
nutrients (Brown et al., 2005). 
3.4. Intermediate waters in the North Pacific 
Subduction of surface water to greater depths has been found to occur off the 
coast of the Kuril Islands (You, 2005). Within the Sea of Okhotsk, the Okhotsk Sea 
Intermediate Water (OSIW) travels counterclockwise until exiting through the Bussol 
Strait, as depicted in Fig. 5 (Nishioka et al., 2007; Qiu, 2001; Shcherbina et al , 2004a, b; 
Yasuda et al., 2002; You, 2005). The Dense Shelf Water (DSW; 26.8-27.0 a9) forms due 
to brine rejection in the Sea of Okhotsk and is the less-dense component of the OSIW 
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(26.8-27.2 oe, Measures et al., 2006; Nishioka et al., 2007; Yasuda et al., 2002). Upon 
entering the WSAG beyond the Kuril Islands, the OSIW mixes with the Oyashio Current 
and/or sinks (Nishioka et al., 2007). While the OSIW and DSW may retain some of their 
properties beyond the Sea of Okhotsk, the eventual mixing of water masses forms the 
NPIW which can carry material from the Sea of Okhotsk and the WSAG throughout the 
North Pacific (Nishioka et al., 2007; You, 2005). Identified by a salinity minimum and 
low oxygen core (-130 uM) within vertical profiles, the NPIW is observed in the water 
column at depths of around 1000 m (You, 2005). While intermediate water from the Sea 
of Okhotsk may be a source of Fe to the WSAG, once these water masses are subducted 
to such depths, they are isolated from Fe-limited microorganisms in surface waters. 
Similar to the NPIW, subtropical mode water forms in the recirculation region off 
the coast of Japan when water at the base of the mixed layer (>150 m) sinks and spreads 
along a density surface throughout the subtropical gyre (Measures et al., 2006). As the 
density of this water is much less than that of the NPIW, it occurs much closer to the 
surface at depths of 200 to 300 m (Measures et al., 2005; Measures et al., 2006). Like the 
NPIW, it can carry with it material from atmospheric deposition or other inputs near the 
east Asian coast (Measures et al., 2005). However, in contrast to the NPIW, the 
subtropical mode water is much closer to the surface, so that winter mixing (Oka et al., 
2007) or episodic mesoscale features such as eddies (Bograd et al., 1999; Kimura et al., 
2000; Lam and Bishop, 2008; McGillicuddy et al., 2007; Measures et al., 2006) could 
transport trace metals from the subsurface mode water up into the photic zone. Measures 
et al. (2006) were able to track this mode water to the North Pacific subtropical gyre, 
indicating that the material introduced near the Asian coast could be carried far beyond 
its point of origin. 
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3.5. North Pacific Subtropical Gyre 
In contrast to the sustained high nutrient concentrations at the surface within the 
WSAG, the North Pacific Subtropical Gyre is oligotrophic, with limited productivity due 
to depleted surface nutrient concentrations (Karl, 1999; Selph et al., 2005). Iron is also 
suspected of being a limiting micronutrient in this region, as increased Fe supply could 
stimulate nitrogen fixation (Jickells et al., 2005; Wu et al., 2000). Within the subtropical 
gyre, relatively-high dissolved Al concentrations (~5 nM) along the surface transect 
suggest that atmospheric dust deposition is more substantial than in the WSAG 
(Measures et al., 2005). A closer look at anthropogenic tracers such as V or Pb may 
reveal additional sources from the Asian mainland, as the same wind patterns that 
transport mineral dust will likely transport industrial aerosols as well (Chuang et al., 
2005; Lin et al., 2007). 
As stated above, subtropical mode water could deliver trace metals to remote 
regions of the central North Pacific. Despite their episodic nature, mesoscale eddies 
occur frequently and could supply nutrients to the surface if an upwelling eddy passed 
through the region (Benitez-Nelson et al., 2007; Noble et al., 2008). In fact, one such 
eddy was observed during the IOC 2002 between Stations 6 and 7, as indicated by a low-
temperature feature on day 21.70 (Measures et al., 2006). Concurrent increases in trace 
metal and major nutrient concentrations with decreases in temperature along the surface 
transect may thus indicate inputs from below, resulting from eddies. 
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In addition to long-range atmospheric and mode water transport of material, the 
Hawaiian Island chain is also a potential source of trace metals to the North Pacific 
subtropical gyre. The highest surface water concentrations of dissolved Al during the 
IOC 2002 expedition were observed off the northwest coast of Kauai, concurrent with a 
salinity minimum, suggesting island runoff (Measures et al., 2005). However, it is not 
clear whether this increase in Al is due to fluvial or aeolian sources. As Kauai is a 
relatively pristine island, elevated levels of trace metals (such as V or Pb) above crustal 
abundance could indicate that atmospheric deposition is the most likely source. 
4. Sample Collection 
4.1. Sample locations 
Dissolved and particulate samples were collected during the IOC 2002 cruise, 
which sailed from Osaka, Japan on 1 May 2002 and arrived in Oahu, Hawaii on 4 June 
2002. Nine vertical profile (10-16 depths) and approximately 70 surface transect samples 
were collected (Fig. 2) with the intent to sample several different biogeochemical 
regimes. 
Station 1 is positioned within the Kuroshio Current as it turns east into the 
subtropical gyre and central North Pacific, and Station 5 is positioned within the 
extension of the Kuroshio. Station 2, located at the Japanese time series station KNOT, is 
in close proximity to where the Sea of Okhotsk outflow is expected to enter the North 
Pacific through the Bussol Strait (Lamborg et al., 2008; Measures et al., 2006; Qiu, 2001; 
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Yasuda et al., 2002). Station 3, located offshore of the Kamchatka Peninsula and 
Aleutian Islands, is nearby the continental margin where the circulating waters of the 
WSAG travel, potentially collecting remobilized sedimentary material from the coast 
(Lam and Bishop, 2008). Station 4 is located much further from the continental margin 
than either Stations 2 or 3, but is still located within the circulation of the WSAG. If 
material from the continental margin is being transported as far as Stations 2 or 3, then 
the possibility exists that some of this material might also be observed at Station 4 
(Nishioka et al., 2007). Stations 6, 7 and 8 are located within the oligotrophic North 
Pacific subtropical gyre, where atmospheric deposition of Asian dust is predicted to be 
low and transport by subtropical mode water may be of greater significance in supplying 
material to this remote region (Measures et al., 2005; Measures et al., 2006). Station 9 
(ALOHA) offered an opportunity to compare my sampling and analysis capabilities 
against data from a historic time series station (Measures et al., 2006) as well as 
investigate the extent of intermediate water mass transport across the subtropical gyre. 
Dissolved and particulate trace metal samples were collected according to 
Measures et al. (2006) as described below. 
4.2. Dissolved trace metal surface water samples 
Seawater was pumped through a towed surface-sampler package ("Fish") that was 
deployed at about 0.5 m depth while the R/V Melville was underway (Measures et al., 
2006). The seawater was pumped to a HEP A-filtered laminar flow bench through acid-
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washed Teflon tubing. Dissolved metal samples were collected after the seawater passed 
through a 0.2-um Gelman Criti-cap polysulfone cartridge filter into acid-washed 1 L 
HDPE bottles. Samples were acidified (~pH 2) after returning to the Donat lab at ODU, 
using 1 mL of concentrated ultrapure HC1 (Fisher, OPTIMA grade) per 1 L of sample. 
The samples were stored acidified for at least six months before analysis to ensure 
complete release of metals from any organic complexes. 
4.3. Dissolved/particulate trace element vertical profile samples 
30 L Teflon-coated GO-Flo bottles (General Oceanics) were hung suspended on a 
Kevlar line and lowered to pre-determined depths. After the bottles were tripped and 
recovered, they were moved inside one of the ship's bays that had been converted into a 
positive-pressure clean lab supplied with HEPA-filtered air. Subsamples were drawn 
from the GO-Flo bottles by pressurizing them with filtered compressed air, forcing the 
seawater through a 0.4-um polycarbonate 142 mm Nuclepore filter. Dissolved samples 
were collected in acid-washed 1 L HDPE bottles and acidified like the surface samples 
after returning to ODU. The Nuclepore filters were folded to contain all particulate 
material on the inside of the filter and placed in plastic zip-lock bags. Particulate samples 
were immediately frozen and kept frozen until digestion and analysis. 
5. Sample analyses 
5.1. Dissolved samples 
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Iron, Mn, Pb, Cd, Co, Cu, and Ni were extracted from seawater using an 8-
hydroxyquinoline (8HQ) resin column according to Milne et al. (2010). In brief, 60 mL 
aliquots of each sample were UV oxidized for 1 hour (Hg-vapor lamp, 1200W). After 
allowing the UV-treated samples to cool, 12 mL aliquots of each were poured into 15-mL 
polypropylene centrifuge tubes and further acidified to pH 1.7 with high purity HNO3 
(quartz distilled). The IOC-2002 samples were originally acidified to a pH of-2.0 
(addition of 1 mL HC1 (Optima grade, Fisher) per 1 L of seawater). However, the 
reagents for the 8HQ extraction method were prepared according to the SAFe 
recommendations of setting the sample pH to 1.7. Therefore, a simple pH adjustment of 
the IOC-2002 samples allowed us to perform the extraction according to the SAFe 
protocols (Johnson et al., 2007). The samples were allowed to equilibrate overnight after 
the addition of two standards: a multi-element standard of enriched low-natural-
abundance isotopes for Fe (57), Pb (207), Cu (65), Cd (111) and Ni (62); and 4-point 
standard additions for monoisotopic Mn and Co. Fifteen minutes before extraction onto 
the 8HQ resin column, each individual aliquot was pH adjusted and buffered using an 
ammonium-acetate solution to a final pH of 5.5-6.0. Once the trace metals in the samples 
were loaded onto the column (2 mL/min flow rate), the column was rinsed with ultrapure 
water and the analyte metals were then eluted with 1 mL of 1.5 M quartz distilled HNO3. 
The final eluent was collected into a 1.5 mL polyethylene vial and analyzed using an 
Element ICP-MS in low and medium resolutions (National High Magnetic Field 
Laboratory, Tallahassee, Florida). Fe, Pb, Cu, Cd and Ni concentrations were quantified 
using isotope dilution, and Mn and Co were quantified using standard additions. 
Consensus reference materials SAFe surface ("SI") and deep ("D2") samples were 
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preconcentrated and analyzed as described above to verify accuracy. 
5.2. Particulate samples 
One of the goals of this project was to obtain the greatest possible recovery of rare 
earth elements, transition metals, and other elements (such as P) from the particulate 
fraction. Estimates of particulate metals have previously been obtained by (1) acidifying 
whole (unfiltered) water and subtracting the dissolved metal concentrations (Brown et al., 
2005); (2) exposing the filtered particulate material to a weak acidic solution that leaches 
some metals but leaves the filter intact, ultimately measuring the "dissolvable" or 
"leachable" fraction of the particulate material (Lam and Bishop, 2008); and (3) exposing 
the filtered particulate material to a stronger acidic solution and higher temperatures that 
can damage the filter (Cullen et al., 2001) or produce a filter residue that is difficult to 
digest completely (Sedwick et al., 2007). 
As described above, lithogenic minerals are likely a significant component of 
marine suspended material in the western North Pacific. The complete digestion of this 
lithogenic material requires stronger digestion reagents and conditions than those used 
when determining "acid-dissolvable" or "leachable" fractions (Brown et al., 2005; Lam 
and Bishop, 2008). Therefore, a combination of concentrated HC1, HNO3, and HF was 
used to completely digest the material, based on the method by Eggimann and Betzer 
(1976): HC1 for opening clays and digesting Ca minerals, HNO3 for attacking organic 
material, and HF for attacking mineral phases. When these digestion methods are applied 
to a fragile polycarbonate filter (the type used to filter the particulate material during the 
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IOC 2002 expedition), the filter can be damaged, resulting in small fragments that are 
difficult to remove (Cullen and Sherrell, 1999), or the filter can produce an organic 
residue that is difficult to digest, requiring a strong oxidizing solution (for example, 
perchloric acid) and extended digestion times (Dr. Michael Bizimis, Dr. William M. 
Landing, and Dr. Robert M. Sherrell, personal communications). This study attempted a 
variation (described in detail below) of previously published methods (Cullen et al., 
2001; Cullen and Sherrell, 1999; Eggimann and Betzer, 1976) that vigorously attacked 
the particulate material while leaving the filter itself as intact as possible, using the 
particulate element samples from the IOC 2002 expedition. 
To provide a clean environment throughout the digestion and minimize 
contamination, the hotplate used in the digestions was placed within a sealed "flow-box," 
a bench-top, HEPA-filtered, laminar-flow acrylic box. The hotplate was accessed 
through a door in the front that is latched shut while the samples are digesting. To 
conduct the actual digestion, the filter was removed from its zip-lock bag and folded until 
small enough to fit in the bottom of a 15 mL Teflon jar (Savillex). During initial testing 
with new polycarbonate filters, I found that a mixed acid solution of 4 M each of HC1, 
HNO3, and HF acids (Optima grade, Fisher) and a temperature of 100°C did not destroy 
the filter. Furthermore, tests to digest an USGS rhyolite rock reference material (RGM-
1) using these reagents and conditions showed that the rhyolite was sufficiently digested. 
For the actual particulate sample digestions, 2 mL of the acid mixture was added 
(just enough to cover the folded filter), and the jars were sealed and placed on the 
hotplate for three hours at 100°C. The jars were removed from the heat and allowed to 
cool before removing the lid in a fume hood. Using a Teflon spatula and tweezers, the 
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folded filter was removed from the solution and all possible liquid was squeezed into the 
digestion jar. The filter was then twice rinsed with ultrapure water, squeezing after each 
rinse. Once all the filters had been rinsed and removed, the jars were returned to the 
hotplate where they were heated at 120°C until taken to dryness, usually overnight. To 
oxidize any remaining organic material, 2 mL of 7 M HNO3 were added to the residue 
and the open jars were returned to the hotplate at 100°C until the samples were once 
again taken to dryness. Finally, the digest was dissolved and transferred to a plastic 20-
mL vial using several rinses of 2% HN03 (quartz distilled). A practice digestion was 
carried out on filters from one station sampled during the cruise (Station 6) and appeared 
to be sufficient for the purposes of this study: the filters remained intact throughout the 
digest and the final digest solution was visually free of filter fragments. Concentrations 
were determined by comparison with one of two external standards: a multi-element 
standard in 2% HNO3, or a solution of the digested USGS CRM (rhyolite, RGM-1) using 
values reported by Eggins et al. (1997) and the Max-Planck Institute database of 
Geological and Environmental Reference Materials (GeoReM, 2009). 
To date, no standard reference material exists that adequately imitates suspended 
marine particulate matter due to the complex composition of suspended particulate matter 
(Cullen et al., 2001). Since the relative fractions of the different types of marine particles 
from sample to sample are rarely the same, developing a mixed reference material using a 
combination of mineral and organic reference materials is not feasible. Furthermore, 
there is a certain amount of inhomogeneity found below a specific mass (~250 mg) of a 
reference material (Ezoe et al., 2004; Lamborg et al., 2008), and estimates of total 
suspended matter concentrations in the open ocean are low (few mg to 30 mg per L; 
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Lamborg et al., 2008; Sherrell and Boyle, 1992). Weighing out such small masses of a 
reference material is extremely challenging due to interactions of the dry, dusty reference 
material with the static charge of the plastic lab ware. While these reference materials 
may be digested in greater quantity in the absence of a filter, the digestion scheme is 
designed for small quantities embedded in a filter. Therefore, the digestion efficiency 
may be different between the reference material and the sample, thus negating the value 
of the reference material. An attempt was made to create a suspended matter slurry using 
an estuarine sediment reference material mixed with ultrapure water, in the hopes that 
when mixed and pipetted immediately, the inhomogeneity could be avoided. 
Unfortunately, despite exceptional care during the pipetting, the resulting concentrations 
remained unacceptably variable. The variability was likely due to the difficulty of 
reproducibly withdrawing a homogeneous subsample from a rapidly settling solution. 
Another possibility for this observation is that the inhomogeneity simply persisted in 
spite of my attempts to sample the reference material as a well-mixed slurry. 
6. Data analyses 
6.1. Resolving atmospheric inputs 
For both natural and anthropogenic inputs of material to the North Pacific, it was 
necessary to exercise caution when attributing distributions to atmospheric input since 
some material may be transported by other means such as riverine inputs (Sholkovitz et 
al., 1999; Zhang and Nozaki, 1998). However, for most IOC 2002 stations, the 
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contribution of riverine sources is assumed to be less significant than atmospheric 
deposition due to the distance of the stations from the coast (at least 400-500 km, except 
for Station ALOHA). Nevertheless, the profiles were examined for lower surface salinity 
as an indication of fresh water inputs, from riverine, wet deposition or submarine 
groundwater discharge. 
6.2. Resolving biogenic and lithogenic sources 
While a surface maximum of particulate metals most likely indicates atmospheric 
deposition, for some high-productivity areas it is more reasonable to assume scavenging 
onto or incorporation in biogenic particles. Comparing particulate maxima for trace 
metals against particulate phosphorus can help to resolve biologically-associated metals 
from atmospheric deposition: for many metals, elevated surface particulate 
concentrations will likely be a combination of both. An approach similar to that taken by 
Ho et al. (2007) will be employed to estimate the relative contributions from biotic versus 
abiotic sources: 
[M] = a[P] + 6[A1] 
where [M] is the particulate metal concentration, a is the P-normalized metal fraction in 
biogenic particles, and b is the Al-normalized metal fraction in lithogenic particles (Ho et 
al., 2007). Average elemental ratios in both biogenic and lithogenic materials are 
available in the literature (e.g., Ho, 2006; Taylor and McLennan, 1985), allowing 
estimates of relative contributions based upon comparison with the appropriate tracer 
element. Should the total metal concentrations be found in excess of the cumulative 
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contributions from biogenic and lithogenic particles, then additional anthropogenic 
tracer-normalized variables (such as Pb, Ag, and/or V) can be included in the mass 
balance, although no "anthropogenic" elemental abundances are readily available as they 
are for lithogenic and biogenic materials. In this way, a percent source contribution was 
assigned to a total metal concentration from each of the potential sources in the North 
Pacific Ocean. 
6.3. Identifying and following water masses through physical properties 
As stated before, the western North Pacific includes the intersection of several 
water masses, each possessing distinct physical and chemical characteristics. As such, the 
elemental tracers previously described were interpreted in the context of surface and 
intermediate water masses, temperature/salinity plots and other parameters such as 
dissolved oxygen. Of particular interest in the North Pacific are the possible 
contributions of trace metals by marginal seas. Two such seas border the North Pacific: 
the East China Sea to the south and the Sea of Okhotsk to the north. The East China Sea 
receives significant riverine inputs from industrialized areas, and elevated concentrations 
of metals such as Pb have been found in its sediments and water column (Lin et al., 
2000). As the Kuroshio passes just past the coast of Taiwan skirting the East China Sea 
before entering the study region, some trace metal inputs to the North Pacific appear to 
originate in the East China Sea (this study). Temperature/salinity properties of the 
Kuroshio were used to trace the contribution of dissolved and particulate Pb by the 
Kuroshio/East China Sea to the more remote regions of the central North Pacific. 
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Similarly, the Sea of Okhotsk in the north has been proposed as delivering significant 
resuspended shelf sediments to the western North Pacific (Nishioka et al., 2007). 
However, the intermediate waters that transport material from the Sea of Okhotsk 
(Nishioka et al., 2007) have similar physical properties to those that contact the 
continental margin of the Kuril Islands (Lam and Bishop, 2008). Therefore, if subsurface 
margin inputs are observed at stations upstream of the Sea of Okhotsk outflow (Stations 
3), it would not eliminate the Sea of Okhotsk as a source of material to the North Pacific, 




MARGIN INPUTS AND TRANSPORT IN THE WESTERN NORTH PACIFIC 
1. Introduction 
Continental margin inputs of Mn and Fe have been observed along numerous 
coastline areas, including Tokyo Bay (Noriki et al., 1997), the Japan Trench (Otosaka and 
Noriki, 2000), the Kuril-Kamchatka margin (Lam and Bishop, 2008; Lamborg et al., 
2008), the eastern North Pacific (Martin et al., 1985) and the eastern North Atlantic 
Ocean (Tachikawa et al., 1999). While the study in the WSAG by Lam and Bishop 
(2008) was conducted just off-shore of the Kuril Islands, the IOC 2002 expedition 
included three nearby stations (Fig. 6: Stations 2, 3 and 4) . By analyzing water samples 
from Stns. 2 and 3 for Mn and Fe enrichments similar to those observed at Stn. K2,1 
searched for evidence of additional margin inputs to the south of station K2 (at Stn. 2) or 
from the Aleutian Islands (at Stn. 3). 
The long-range transport of material from the margin of the WSAG has yet to be 
fully explored. Are the effects of margin processes simply limited to the immediate 
continental shelf, or can this material be transported much further into the open ocean? 
Martin et al. (1985) demonstrated that lateral inputs of dissolved and particulate Mn were 
advected hundreds of kilometers offshore of the California coast. Nishioka et al. (2007) 
suggested that material in the WSAG could be swept even further into the open ocean by 
currents circulating in this region. These currents and associated water masses can be 
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and oxygen content and can be compared with other stations "downstream" for evidence 
of offshore transport of margin material. 
2. Results and Discussion 
2.1. Margin inputs ofMn andFe in the WSAG 
Stations 2 and 3 of the IOC 2002 Expedition are located within the WSAG. This 
region of the North Pacific is bordered by the Oyashio Current to the west and Subarctic 
Front to the south and east. The WSAG exhibits some notable hydrographic features, the 
most pronounced being a broad oxygen minimum zone that reaches from the upper 
thermocline (about 200 m deep) to -1500 m deep (Figs. 8 and 9). The cold surface 
mixed layer (upper 100 m) is oxygen-rich, with concentrations near 310 uM, while 
dissolved oxygen concentrations of less than 25 uM are found in the oxygen minimum 
zone. In addition, the WSAG is recognized as an high-nutrient/low-chlorophyll (HNLC) 
region, where surface concentrations of nitrate and phosphate are near 20 uM and 1.5 \xM 
respectively, and chlorophyll-a concentrations are less than 0.4 ng/L (Brown et al., 2005; 
Measures et al., 2006). The HNLC conditions in the WSAG are suggested to result from 
insufficient atmospheric dust deposition of Fe to fuel primary productivity (Buck et al., 
2006; Measures et al., 2005). In fact, the dominant source of dissolved ("D-") Fe to the 
surface waters appears to be from upwelling of Fe-rich subsurface waters rather than 
atmospheric supply (Brown et al., 2005). 
Two subsurface margin sources of Fe have been identified in the WSAG, 
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including D-Fe and particulate ("P-") Fe from the northwestern shelf of the Sea of 
Okhotsk (Nishioka et al., 2007) and P-Fe from the Kuril/Kamchatka margin (Lam and 
Bishop, 2008; Lamborg et al., 2008). Intermediate waters within the Sea of Okhotsk 
transport a large resuspended D-Fe and P-Fe input from the northwestern shelf, through 
the Bussol Strait, and into the intermediate waters of the WSAG (Nishioka et al., 2007). 
While the material at intermediate depths might otherwise be considered of little 
importance to the Fe-limited surface waters, intense vertical mixing through the Bussol 
Strait is predicted to inject dissolved and particulate Fe to depths shallow enough for use 
in the photic zone (Nishioka et al., 2007). The Kuril/Kamchatka margin is also a 
potential source of D- and P-Fe to the WSAG, as an examination of the redox speciation 
of particles in the upper 200 m of the WSAG showed that lateral inputs from the margin 
could introduce both resuspended and redox-mobilized Fe and Mn to the surface waters 
(Lam and Bishop, 2008). 
2.1.1. Dissolved and particulate Fe in the WSAG 
During the occupation of Stns. 2 and 3, D-Fe concentrations were between 0.15-
0.3 nM at the surface, reaching concentrations of 0.8-0.95 nM at 300 m (Figs. 8 and 9), in 
good agreement with values determined on identical samples by Brown et al. (2005). D-
Fe at Stns. 2 and 3 was shown by Brown et al. (2005) to be delivered primarily by 
upwelling rather than atmospheric dust deposition, based on N/Fe ratios at the two sites 
(Buck et al., 2006). P-Fe concentrations were 0.75 to 1.5 nM in the surface waters at Stn. 
3 but highest (3.2 nM) at Stn. 2 (Figs. 8 and 9). The higher P-Fe concentrations in the 
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Fig. 8. Dissolved (D-) and particulate (P-) concentrations and ratios of Mn, Fe and Al at Stn. 2 (KNOT, 
Western Subarctic Gyre). The particulate ratios of average Upper Crust (Taylor and McLennan, 1985) 
and Asian (Nanking) Loess (Taylor et al, 1983) are shown as dashed red and green lines, respectively. 
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Fig. 9. Dissolved (D-) and particulate (P-) concentrations and ratios of Mn, Fe and Al at Stn. 3 
(Western Subarctic Gyre/HNLC Region). The particulate ratios of average Upper Crust (Taylor and 
McLennan, 1985) and Asian (Nanking) Loess (Taylor et al., 1983) are shown as dashed red and green 
lines, respectively. 
42 
upper 300 m at Stn. 2 are consistent with values reported by Lam and Bishop (2008) and 
Nishioka et al. (2007), possibly reflecting atmospheric deposition or the offshore 
transport of P-Fe from the continental shelf and/or the Sea of Okhotsk. 
2.1.2. Dissolved and particulate Mn in the WSAG 
Stns. 2 and 3 have similar D-Mn vertical distributions, with concentrations at Stn. 
2 elevated over those at Stn. 3 (Figs. 8 and 9). Both locations show a D-Mn surface 
maximum, a minimum at 230-250 m, and a subsurface maximum at 300 m. 
In contrast to the distributions of D-Mn, there are striking differences in the P-Mn 
distributions between the two sites: specifically, a large subsurface P-Mn maximum 
between 50-250 m at Stn. 2 that is less pronounced at Stn. 3. A subsurface P-Mn plume 
was also reported at the nearby station K2 (47°N 161°E) by Lam and Bishop (2008), who 
determined it to originate from the Kuril/Kamchatka margin. Furthermore, P-Mn and P-
Fe maxima do not coincide at Stn. 2, suggesting more than one source for these two 
metals at this location. 
The differences between the vertical distributions of dissolved and particulate Mn 
are consistent with previous descriptions of Mn marine biogeochemistry (e.g., Flegal et 
al., 1986). The D-Mn surface maximum at Stn. 2 may be due to atmospheric deposition 
to the WSAG; in fact, aerosol Fe and Al concentrations indicated a dust event during the 
transit through the WSAG (Buck et al., 2006). However, considering the subsurface P-
Mn maximum at Stn. 2, it is also probable that the surface D-Mn maximum results from 
photochemical reduction of Mn-oxides laterally transported from the nearby 
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Kuril/Kamchatka margin : the P-Mn maximum is coincident with the shallow (-150 m) 
D-Mn minimum at Stn. 2 (Fig. 8). This laterally-transported Mn likely escapes the 
sediments as a dissolved redox-mobilized flux, remaining unoxidized within the deeper 
oxygen-poor waters (>250 m), but forming particulate Mn-oxides in the shallow oxygen-
rich surface waters (Sunda et al., 1983). The dissolved and particulate Mn distributions 
at Stn. 3 show similar water column behavior, except for the lack of a strong subsurface 
P-Mn plume observed at Stn. 2 but not at Stn. 3. However, a small subsurface P-Mn 
maximum was observed at Stn. 3 (150-300 m), even within the oxygen-poor waters 
below the surface mixed layer. These distributions suggest that both dissolved and 
particulate Mn are transported from a nearby shelf other than the Kuril/Kamchatka 
margin, which is found too far to the west of Stn. 3 to be a likely source. Rather, the 
Aleutian Islands to the north may supply this subsurface Mn plume to Stn. 3, as the 
northern current of the WS AG collects material from the Aleutian margin; a similar 
effect for Fe was reported for the Alaska Gyre to the east (Lam et al., 2006). 
2.1.3. Dissolved and particulate AI in the WSA G 
While both dissolved and particulate Al distributions can be used as tracers of 
crustal inputs, the different physical species of Al reflect different time scales. D-Al 
concentrations have been reported to reflect a five year average of crustal input 
(Measures et al., 2005), but due to the shorter residence time of particles (<1 year, 
Sherrell et al., 1998), P-Al will reflect inputs on much shorter time scales. At Stn. 2, 
surface maxima of P-Al and P-Fe (Fig. 8) are consistent with the atmospheric dust event 
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in the WSAG described by Buck et al. (2006). A similar surface maximum of P-Al and 
P-Fe can be seen at Stn. 3 (Fig. 9) at the base of the surface layer (80-100 m), possibly 
reflecting the settling of an earlier dust deposition event. Immediately below the oxygen-
rich surface waters, P-Fe and P-Al concentrations rapidly decrease, while P-Mn 
concentrations increase. This decoupling between three crustal elements probably 
reflects concurrent atmospheric and continental margin inputs. While the surface 
maxima of P-Fe and P-Al probably result from atmospheric dust inputs, the subsurface P-
Mn maximum appears to result from a lateral margin input. 
2.1.4. Particulate ratios: Mn/Al and Mn/Fe 
As described in greater detail in the introduction, P-Mn/Al and P-Mn/Fe ratios 
have been employed to resolve direct deposition of crustal material from redox-mobilized 
inputs of the continental margin in samples collected along the western North Pacific 
margin. In general, atmospheric and resuspended inputs should preserve the source ratios 
of their elemental components. In contrast, particles that form from the precipitation or 
bacterially-mediated oxidation of redox-mobilized sediment fluxes will reflect an 
enrichment of Mn over Fe and Al (Lam and Bishop, 2008; Moffett, 1997; Tachikawa et 
al., 1999). 
At Stns. 2 and 3, the elemental ratios at the surface P-Fe and P-Al maxima (Figs. 
8 and 9) are near crustal abundance and are consistent with the atmospheric dust event 
reported by Buck et al. (2006). Since the P-Al signal at the surface indicates that dust 
events do occur within the WSAG, the lack of a coincident D-Al maximum at the surface 
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could indicate one of several possibilities (Measures et al., 2005). Dust deposition could 
be so sporadic to the WSAG that D-Al concentrations do not increase significantly. At 
the same time, the surface P-Al could indicate a very recent deposition event, where 
freshly deposited Al might have had little time to dissolve. Furthermore, settling of 
particles or efficient scavenging of D-Al by biological particles could also exceed the 
input by dust deposition. Ultimately, it does appear from the aerosol (Buck et al., 2006) 
and particulate surface water concentrations that dust deposition does occur in the 
WSAG, but these events are either so sporadic or so rapidly removed by scavenging 
and/or settling that dissolved Al concentrations do not reach significant levels (Measures 
et al., 2005). 
Below the dust input at the surface, the P-Mn/Al and P-Mn/Fe ratios rapidly 
increase to a maximum at -100-200 m. In the WSAG, Lam and Bishop (2008) cited 
greater-than-crustal P-Mn/Fe ratios as one line of evidence for the redox-mobilized 
source of P-Mn and P-Fe from the Kuril/Kamchatka margin at Station K2 (47°N, 161°E; 
positioned between the IOC 2002 Stns. 2 and 3, Fig. 6). Likewise, at Stns. 2 and 3, the P-
Mn/Al and P-Mn/Fe ratios show large subsurface maxima at both locations, independent 
of the absolute sizes of the particulate Mn, Fe or Al maxima. Thus, even when the 
absolute concentrations of particulate elements might seem to lack any exceptional 
features, the relative elemental ratios can reveal information about the composition and 
origins of the particles. 
At Stn. 2, located near the outflow of the Sea of Okhotsk, large subsurface P-
Mn/Al and P-Mn/Fe maxima are observed at 100-200 m (Fig. 8). Nishioka et al. (2007) 
suggested that intense tidal mixing through the Bussol Strait could mix resuspended 
46 
material transported within the DSW/OSIW into the surface waters. Since the material 
transported from the northwestern shelf of the Sea of Okhotsk is said to result from 
tidally-induced resuspension rather than a redox-mobilized flux (Nakatsuka et al., 2004a; 
Nishioka et al., 2007), it is unlikely that this mechanism would contribute material so 
enriched in P-Mn over Fe and Al. Additionally, if the source of P-Mn and P-Fe to the 
surface were a result of upwelling of deeper waters, then we would expect to see a 
gradient of resuspended material from intermediate depths in the WSAG to the surface, 
which is not observed (Fig. 8). 
Similar subsurface P-Mn/Al and P-Mn/Fe maxima are observed at Stn. 3 (Fig. 9), 
suggesting a redox-mobilized shelf origin of this material. It is highly unlikely that such 
lateral transport of redox-mobilized material could originate from the Kuril/Kamchatka 
shelf, as the material would have to be transported northeast, counter to the East 
Kamchatka/Oyashio Current, which flows to the southwest along the western boundary 
of the WSAG. Therefore, the P-Mn/Al and P-Mn/Fe ratios suggest that the origin of this 
shelf material may be along the Aleutian Islands, as similarly observed in the Gulf of 
Alaska (Lam et al., 2006). 
Ultimately, the distributions of dissolved and particulate concentrations and 
elemental ratios of the crustal elements at the surface in the WSAG are more consistent 
with a redox-mobilized shelf source, suggesting that margin sediment fluxes of Mn and 
Fe are a common occurrence along the western North Pacific margin. 
2.2. Extended transport of material from the WSAG 
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The hydrography of the western North Pacific reveals a region active in dynamic 
surface and subsurface currents: as such, material introduced within the WSAG may be 
advected with currents far beyond the point of origin. 
The southwestward flow of the East Kamchatka/Oyashio Current forms the 
western and southern boundaries of the WSAG (Fig. 6). The Oyashio Current carries 
waters of the WSAG south along the Kuril/Kamchatka margin. This region between the 
Oyashio and Kuroshio is known as the Mixed Water Region (MWR) for good reason; the 
confluence of the Oyashio and Kuroshio Currents generates numerous surface and 
subsurface eddies as well as mode and intermediate water masses which can travel 
throughout the western and central North Pacific Ocean (Mitsudera et al., 2004; Oka et 
al., 2009; Talley and Yun, 2001; You, 2005). Depending on the relative rates of transport 
and removal, it is reasonable to suggest that waters subducted in this region will carry 
with them some of the dissolved or particulate material introduced before sinking. 
2.2.1. Subducted surface waters of the WSAG 
At Station 1, located south of the MWR just off the coast of Japan (34°28'N, 
146°59.2'E; Fig. 6), multiple water masses coincide at different depths, distinguishable 
by their physical and chemical properties. Below the surface waters of the Kuroshio 
Current (24.5-26.6 oe), a low temperature/low salinity intrusion can be seen at 455 m 
(26.4 ae; Fig. 10). A second low temperature/low salinity intrusion is also seen at 647 m 
(26.9 ae), interwoven with the lower portion of the Kuroshio Current (527 m; 26.6 ae). 
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Fig. 10. Hydrography of Station 1 (34°28'N, 146°59.2'E). The shallower intrusion (455 m; 7.36°C, 33.8) 
is high in dissolved oxygen (253 uM). However, the deeper intrusion (647 m; 4.4°C, 33.9) does not 
possess unusually high or low dissolved oxygen, but does appear to be partially mixed with the waters 
above and below. 
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material transport, I will approach each water mass individually, simultaneously 
describing the physical characteristics and the source and transport of material carried 
within. 
The water mass observed at Stn. 1, 455 m, is distinctive, not only because of its 
low temperature (7.3°C) and salinity (33.8) but also because of its high dissolved oxygen 
concentration (253 uM) and a small fluorescence maximum (Figs. 10, 11 and 12). These 
properties are consistent with surface waters found within the Mixed Water Region 
(MWR) at the confluence of the Kuroshio and Oyashio currents (Measures et al., 2006). 
A similar oxygen-rich intrusion was observed by Oka et al. (2009) in the same general 
region (27.5°N, 145°E) as Stn. 1 (34.5°N, 147°E) and identified as a subsurface 
mesoscale eddy containing North Pacific Central Mode Water (CMW). Typically, CMW 
forms along the subtropical-subarctic frontal zone, eastward along the MWR (Oka et al., 
2009). However, the observed CMW-eddy was unique with respect to the usual 
properties of CMW: not only was it oxygen-rich (253 uM), but it was found south across 
the subtropical front (Oka et al., 2009). Because of the similarities in properties between 
the subsurface CMW eddy of Oka et al. (2009) and the intrusion observed at Stn. 1, 455 
m, it is assumed that the low-temperature/low-salinity intrusion at Stn. 1, 455 m, resulted 
from the same mechanism. Henceforth, the intrusion at Stn. 1, 455 m, will be referred to 
as subducted Central Mode Water, or SCMW. 
Subsurface maxima of particulate Mn, Fe and Al (Fig. 11) are found at Stn. 1, 455 
m, indicating that the SCMW carries with it a significant amount of lithogenie material. 
The P-Mn/Al and P-Mn/Fe ratios are at a maximum at Stn. 1, 455 m, suggesting a redox-
mobilized source rather than a resuspended source for the material (Fig. 11). 
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Fig. 11. Dissolved (D-) and particulate (P-) concentrations and ratios of Mn, Fe and Al at Stn. 1 
(Kuroshio Current). The particulate ratios of average Upper Crust (Taylor and McLennan, 1985) 





Fig. 12. Fluorometry at Stn. 1. A small localized maximum at -450 m coincides with high dissolved 














• 5 - ' 
; ' 
, 












32 5 33 33.5 34 34.5 35 
Salinity 
Fig. 13. Hydrography of Stns. 1 (blue), 2 (red) and 3 (green). The low-temperature/low-salinity intrusion 





















































































































































































Interestingly, the potential density of the SCMW (26.4 a9) is similar to that of the 
P-Mn-enriched surface waters of the WSAG to the north (26.4 o9 to 27.0 a$; Figs. 13 and 
14). If I compare the D- and P-Mn concentrations along the path of the Oyashio Current, 
as it flows from north to south and is then subducted, I can see that the Mn and Fe 
concentrations also increase (Fig. 14). As the Oyashio Current flows along the Kuril-
Kamchatka margin to the south, it may collect and accumulate dissolved and particulate 
Mn from the shelf, transporting it to the MWR and beyond. 
2.2.2. Subduction and transport of Central Mode Water (26.4-26.7 oe) 
Stns. 4 and 5 have similar (but less pronounced) physical and chemical 
characteristics to those of the surface of the WSAG and the SCMW feature at Stn. 1, 455 
m (Figs. 8, 15 and 16). Fig. 17 shows oxygen-rich intrusions at all three stations within a 
potential density range of-26.4-26.7 oe, consistent with the continued offshore transport 
and subduction of the CMW in the MWR. 
While the various SCMW intrusions possess similar physical and chemical 
properties, they are observed at different depths at each station. At Stn. 5, the core of the 
SCMW is centered at 540 m, slightly deeper than that at Stn. 1, 455 m. At Stn. 4, the 
SCMW is found at a depth of 175 m, much shallower than at Stns. 1 and 5. The 
difference in SCMW depths is due to the degree of subduction by less-dense Kuroshio 
waters from the south. Stn. 4 is located at the northern edge of the MWR, where it is less 
likely to be influenced by the less-dense Kuroshio waters (from the south) than Stns. 1 
and 5: thus, the SCMW is "less subducted" at Stn. 4 and resides nearer the surface than 
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Fig. 15. Dissolved (D-) and particulate (P-) concentrations and ratios of Mn, Fe and Al at Stn. 4 (Mixed 
Water Region). The particulate ratios of average Upper Crust (Taylor and McLennan, 1985) and Asian 
(Nanking) Loess (Taylor et al., 1983) are shown as dashed red and green lines, respectively. The sharp 
maxima and minima at the surface in the particulate ratios - Mn/Al, Fe/Al and Mn/Fe - are a result of the 
exceedingly low concentrations of P-Fe and P-Al at this depth, and should not be misunderstood to indicate 
a process like that found at 250-300 m. 
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Fig. 16. Dissolved (D-) and particulate (P-) concentrations and ratios of Mn, Fe and Al at Stn. 5 (Kuroshio 
Extension/Subtropical Current). The particulate ratios of average Upper Crust (Taylor and McLennan, 
1985) and Asian (Nanking) Loess (Taylor et al., 1983) are shown as dashed red and green lines, 
respectively. 
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Fig. 17. High-resolution diagram of dissolved oxygen concentrations vs. potential density at Stns. 1, 4 and 
5. The highlighted bar indicates that oxygen-rich intrusions can be seen at all three stations at potential 
densities near 26.4 oe. 
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at the other two stations. While the exact properties of the subducted oxygen-rich waters 
might vary, the collection and transport of redox-mobilized material from the western 
North Pacific margin is a common feature shared by the oxygen-rich water masses. Figs. 
15 and 16 show the dissolved and particulate Mn and Fe and particulate Al 
concentrations at Stns. 4 and 5, respectively. These two stations are located within the 
MWR but over 2000 km away from Stn. 1 (Fig. 6). At Stn. 4, maxima in P-Mn/Al and P-
Mn/Fe (Fig. 15) are immediately recognizable at 175-300 m, extending over a broader 
density range (26.4-26.7 ae) than in the SCMW observed at Stn. 1, 455 m. A closer look 
at the temperature/salinity diagram for Stn. 4 (Fig. 7) reveals that two low-
temperature/low-salinity intrusions can be found within this density range. While this 
density range is greater than that of the SCMW at Stn. 1, 455 m, it is well within the 
range for the Oyashio winter mixed layer (26.5-26.7 a9) suggested by Talley and Yun 
(2001). The denser of these two water masses may result from the common eastward 
subduction of the mixed layer described by Oka et al. (2009) rather than the cross-frontal 
eddy feature observed at Stn. 1, 455 m. Despite the differences in potential density, the 
particulate Mn, Fe and Al transported by the subducted waters can still be traced by their 
ratios to a redox-mobilized sediment flux along the western North Pacific margin. 
In contrast to the corresponding particulate Mn, Fe and Al maxima found at Stn. 
4, there is no local subsurface maximum in the particulate metal profiles at Stn. 5 in the 
26.4-26.7 ae range (Fig. 16), despite the presence of a sharp dissolved oxygen maximum 
in this potential density range (Fig. 17) at a depth of 520-560 m. Nevertheless, a peak in 
the P-Mn/Al and P-Mn/Fe profiles can still be seen at Stn. 5, 500 m (Fig. 16), which may 
be due to the transport of redox-mobilized material by the high-oxygen SCMW feature 
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observed just below at 520-560 m. While this particulate Mn-enrichment may result 
from in situ Mn-oxidation, the coincidence of this P-Mn/Al maximum at 500 m with the 
oxygen-rich intrusion could be evidence that the Mn-enriched material was advected with 
the intrusion and is consistent with offshore transport. The narrow thickness of the 
SCMW at Stn. 5 (Fig. 17) could indicate that (1) the original volume of subducted 
WSAG surface water advected to Stn. 5 was relatively small or (2) by the time the 
SCMW has reached Stn. 5, the waters above and below the SCMW have diluted most of 
what was subducted. In either case, relatively little SCMW was found at Stn. 5, which 
could mean that Stn. 5 is near the furthest extent of terrigenous material transport from 
the western North Pacific margin. 
2.3. Material transport in the lower Kuroshio Curren t 
In addition to inputs of redox-mobilized margin material, I can also find evidence 
of recent inputs of resuspended material. Returning the focus to Stn. 1 (Fig. 11), the 
temperature and salinity properties of the water mass sampled at 527 m are consistent 
with the deeper waters of the Kuroshio Current. At Stn. 1, 527 m, I observed local 
minima in the D-Mn and D-Fe concentrations but maxima in the P-Fe and P-Al 
concentrations (Fig. 11). While the Mn-enriched material in the SCMW at 455 m likely 
results from redox-mobilized sediment flux (the oxidation of which produces higher P-
Mn/Al and P-Mn/Fe ratios), the lack of elevated P-Mn/Al and P-Mn/Fe ratios at 527 m is 
more consistent with average crustal composition. Therefore, the material at Stn. 1, 527 
m, is predominantly composed of resuspended particles rather than redox-mobilized 
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authigenic particles. While the exact source location of this material is unknown, there 
are two possible sources nearby. 
Prior to reaching Stn. 1, the Kuroshio Current passes along the edge of the East 
China Sea (ECS) and across the Izu Ridge (Figs. 6 and 18). Within the ECS, the 
Kuroshio Current is channeled through the Okinawa Trough, a submarine valley bordered 
by the shallow ECS shelf to the west and the Ryukyu Ridge to the east. While the 
majority of the Kuroshio Current stays within the Okinawa Trough, some portion passes 
over the shallow shelf, potentially resuspending and collecting material. Hung et al. 
(1999) identified a turbid intermediate layer (500-800 m depth, maximum at 500 m) 
within the Okinawa Trough just off the northeast coast of Taiwan. The Mien-Hua 
Canyon, off the northeast coast of Taiwan (not shown), was suspected of providing a 
flow path for sedimentary material to travel from the ECS shelf directly into the Kuroshio 
Current as it passes through the Okinawa Trough (Hung et al., 1999). Within the turbid 
layer, the P-Al concentrations were very high (5-7|j,g/L) and might be the source of 
material at Stn. 1, 527 m. After exiting the ECS, the Kuroshio Current continues along 
the coast of Japan and crosses the northern extent of the Izu Ridge. While the path of the 
Kuroshio Current may meander before turning east into the central North Pacific, it only 
passes over the Izu Ridge within a relatively narrow range: between 32-35 °N to the 
south of Honshu, Japan (Qiu, 2001). The northern extent of the Izu Ridge is relatively 
shallow (<1000 m below the surface), relatively near (less than 700 km west of Stn. 1) 
and is another possible source of the resuspended material observed at Stn. 1, 527 m. 
Interestingly, it appears that the water mass at 527 m is incompletely mixed with 

























































































































the temperature/salinity diagram for Stn. 1 (Fig. 7). In fact, beyond Stn. 1, these two 
water masses become less distinct and develop into a single feature at a potential density 
range of 26.8-27.2 09. Before discussing this mixing further, it is first appropriate to 
address the nature and possible origin of the material found at Stn. 1, 647 m. 
2.4. Margin inputs and transport in the North Pacific Intermediate Waters 
The water mass at 647 m is one of two low-temperature/low-salinity (4.4°C, 33.9) 
intrusions found at Stn. 1 (Fig. 10). In contrast to the oxygen-rich water found at 455 m, 
the dissolved oxygen concentration at 647 m is much lower (107 uM; Fig. 11). Despite 
some differences in temperature and salinity, the potential density at 647 m (26.9 oe) is 
similar to that of Dense Shelf Water (DSW: -26.8-27.0 ae) and Okhotsk Sea Intermediate 
Water (OSIW: -26.8-27.2 oe), located within the Sea of Okhotsk (Andreev and 
Kusakabe, 2001; Shcherbina et al., 2004a, b). Waters from the Sea of Okhotsk enter the 
North Pacific, mix with waters from the WSAG and are carried south within the Oyashio 
Current. Yasuda et al. (2002) estimated that waters from the Sea of Okhotsk contribute 
about 25% to the Oyashio Current at potential densities of 26.6-27.0 09, which is within 
the potential density range of the intrusion at Stn. 1, 647 m. 
The dissolved oxygen concentration at Stn. 1, 647 m, likely reflects the mixing of 
the oxygen-rich intermediate waters from the Sea of Okhotsk (DSW/OSIW) with the 
oxygen-poor waters of the WSAG. A simple calculation based on dissolved oxygen 
mixing lends further evidence to the identity of this water mass. As mentioned, Yasuda 
et al. (2002) estimated the Oyashio Current to be comprised of-25% water from the Sea 
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of Okhotsk and -75% water from the WSAG. Andreev and Kusakabe (2001) estimated 
the dissolved oxygen concentration in DSW to be 290-340 uM and in the WSAG to 45-
70 pM. If these two waters mix at the proportion suggested by Yasuda et al. (2002) using 
the DSW dissolved oxygen estimates and my own dissolved oxygen values from the 
WSAG (30-60 uM), then I find: 
0.25*DODSW + 0.75*DOWSAG = D00yashio 
95 to l30uM = DOOyashio 
The dissolved oxygen concentration of 107 |j,M at Stn. 1, 647 m, is within this range, 
providing evidence that this water mass is a mixture of water from both the Sea of 
Okhotsk and the WSAG. 
The difference in physical and chemical properties between water masses from 
the WSAG and within the Sea of Okhotsk can reasonably be assumed to affect the 
physical and chemical speciation of any material found in the intermediate waters 
transported throughout the North Pacific. Intermediate waters originating within the Sea 
of Okhotsk have been shown to carry a significant dissolved and particulate material load 
of both terrestrial and marine origin, according to the following sequence of events. A 
large input of particulate material from the Amur River is delivered to the shallow (100-
200 m) northwestern shelf of the Sea of Okhotsk (Nakatsuka et al., 2004b). Seasonal sea 
ice formation and brine rejection cause cold, salty and dense water to sink to the shelf and 
form a water mass known as the Dense Shelf Water (DSW) (Shcherbina et al., 2004a, b). 
The DSW collects resuspended sedimentary material generated during the intense tidal 
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forcing across the northwestern shelf (Nakatsuka et al., 2004a), which then flows into the 
open Sea of Okhotsk at intermediate depths (250-450 m) where it forms the upper 
component of the Okhotsk Sea Intermediate Water (OSIW) (Shcherbina et al., 2004a, b). 
High concentrations of DOC and Chl-a were also found in intermediate waters within the 
Sea of Okhotsk at potential densities of 26.6-27.0 ae, believed to have been delivered 
predominantly by the Amur River (Nakatsuka et al., 2004b). This DOC may be similar 
to the humic material described by Tani et al. (2003), who found a strong positive 
relationship between Fe(III)-solubility and humic-type fluorescence in intermediate 
waters of the Sea of Okhotsk and western North Pacific. High dissolved and total Fe 
concentrations were also observed in the intermediate waters of the Sea of Okhotsk 
(Nishioka et al., 2007). The DSW/OSIW exits the Sea of Okhotsk through the Bussol 
Strait, mixes with the WSAG and contributes to the formation of the North Pacific 
Intermediate Water (NPIW) (Mitsudera et al., 2004; Yasuda et al., 2002). Therefore, the 
formation of DSW/OSIW/NPIW and the resuspension/transport of material from the Sea 
of Okhotsk are intimately connected. 
As discussed previously, waters from the WSAG are markedly different than 
those of the Sea of Okhotsk. In general, below the surface mixed layer of the WSAG, 
dissolved oxygen concentrations rapidly drop, decreasing from greater than 300 uM over 
the upper 100 m to less than 40 uM at 200 m (Figs. 8 and 9). If these oxygen-poor 
waters should contact the continental shelf and slope, any redox-mobilized sediment flux 
into low-oxygen waters will differ from a similar sediment flux into oxygen-rich waters 
in the following way. A redox-mobilized flux of Mn and Fe into oxygen-rich waters will 
result in the rapid oxidation and precipitation of Fe, resulting in a preferential capture of 
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Fe at the sediment-water interface but a preferential release of dissolved Mn (which is 
slower to oxidize). In contrast, a redox-mobilized flux of Mn and Fe into oxygen-poor 
overlying waters will allow both Mn and Fe to escape, where the amount of dissolved Fe 
released is partly controlled by the dissolved oxygen concentration in the overlying 
waters. These various sediment Fe-flux mechanisms are described in greater detail by 
Lohan and Bruland (2008), who reported very high dissolved Fe concentrations along the 
continental shelf of the eastern North Pacific. Therefore, due to the persistent oxygen-
poor conditions of the WS AG, it is reasonable to expect to find high dissolved Mn and Fe 
concentrations in intermediate waters that may have recently been in contact with the 
continental margin. 
2.5. Dissolved Mn and Fe in the WSAG: Part 2 
The near-surface plume (shallower than 150 m) of particulate Mn and Fe at Stns. 
2 and 3 in the WSAG most likely results from a redox-mobilized source (see 2.1.4. 
Particulate ratios: Mn/Al and Mn/Fe). In addition to this particulate plume, local 
subsurface maxima of dissolved Mn and Fe can be seen slightly deeper in the water 
column at the WSAG stations, at 300 m (Figs. 8 and 9). The subsurface dissolved Mn 
and Fe maxima at Stns. 2 and 3 occur just below the oxycline, where the dissolved 
oxygen concentrations drop to less than 30 uM (Figs. 8 and 9). It is likely that the 
subsurface D-Mn maximum results from redox-mobilized sediment flux into the oxygen-
poor waters of the WSAG; in contrast, the surface D-Mn maximum likely results from 
river input or photochemical reduction of particulate Mn (Sunda et al., 1983). While the 
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D-Mn concentrations are high both above and below the oxycline, the coincident D-Fe 
maximum at 300 m demonstrates that oxygen-poor bottom waters can enhance the redox-
mobilized flux of D-Fe from the sediments (Lohan and Bruland, 2008): higher oxygen 
concentrations in the overlying waters rapidly oxidize and precipitate the D-Fe, trapping 
it at the sediment-water interface and result in a preferential release of D-Mn from the 
sediments. Therefore, the shallower low-oxygen waters of the WSAG contact the 
continental shelf/slope and permit the flux of both Mn and Fe from the sediments into the 
overlying waters. Mixing of low-oxygen waters from the WSAG with other waters will 
contribute high concentrations of dissolved Mn and Fe. 
2.5.1. Subsurface transport beyond the WSAG 
In addition to the transport of surface waters and material from the WSAG to 
locations across the MWR and into the central North Pacific, there is also good evidence 
for subsurface transport of lithogenic material out of the WSAG. Fig. 13 shows that the 
second low-temperature/low-salinity intrusion at Stn. 1, 647 m, resides along the 26.9 ae 
potential density surface with waters from the WSAG at depths near 300 m. The 
dissolved and particulate trace metals found at Stn. 1, 647 m, suggest contributions from 
both the Sea of Okhotsk and the WSAG. The P-Fe concentration is high (~5 nM), but 
both the particulate Mn and Al concentrations are lower, resulting in unique particulate 
ratios (Fig. 11). The lack of an elevated P-Mn/Al ratio suggests resuspension rather than 
a redox-mobilized mechanism. Material from the northwestern shelf of the Sea of 
Okhotsk is introduced to the intermediate waters of the Sea of Okhotsk by tidally-driven 
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resuspension (Nakatsuka et al., 2004a; Nishioka et al., 2007), which I believe is the 
primary origin of the particulate matter. The higher P-Fe/Al and slightly lower P-Mn/Fe 
ratios suggest an additional input of Fe over Mn and Al (Fig. 11). 
While this enrichment of P-Fe over crustal abundance may reflect an additional 
terrestrial contribution from the Amur River/DSW/OSIW, it may also originate from 
authigenie Fe oxyhydroxide formation resulting from the mixing of high concentrations 
of D-Fe from the WSAG margin with the oxygen-rich waters from the Sea of Okhotsk. 
Furthermore, the high concentrations of both D-Mn and D-Fe suggest a recent redox-
mobilized flux into the oxygen-poor waters of the WSAG. 
However, the high D-Fe concentrations might also indicate contamination of the 
sampling ("GO-Flo") bottle: the cruise sampling log reported that the GO-Flo bottle 
which collected this sample was suspected of being contaminated for D-Fe (however, no 
shipboard D-Fe concentration has been reported). While dissolved metal analysis by 
isotope dilution allows for a wide range of concentrations to be determined using a single 
enriched-isotope spike, the high D-Fe concentrations (-20 nM) measured in this study 
may exceed the limits of my method. These samples in question could be re-analyzed 
using a higher concentration of the standard. The D-Mn concentration at Stn. 1, 647 m, 
(-6.3 nM) was certainly greater than the highest standard addition (1.32nM). However, a 
test analysis performed on the NRCC reference material CASS-4 revealed that despite the 
standard additions being far below the CASS-4 concentration, the determined 
concentration was very near the certified concentration (diluted -1:7; certified [D-Mn] = 
8.09 nM; determined [D-Mn] = 8.75 nM). At the same time, the GO-Flo did NOT appear 
to be contaminated for many other elements, including Zn, Pb, Cd, Cu, Ga (Shiller and 
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Bairamadgi, 2006), As and Sb (Cutter and Cutter, 2006), or Al (Measures et al , 2005)). 
Beyond my own analyses, Laurier et al. (2004) reported high total Hg concentrations at 
Stn. 1, 647 m, reaching nearly 1.2 pM. Laurier et al. (2004) remark that the high Hg 
values at these depths are similar to those of surface waters in the WS AG while admitting 
that the exact origin is unknown. These high total Hg concentrations may substantiate 
my own findings, considering that (1) the Hg samples were taken from an entirely 
different set of GO-Flos on an entirely separate cast and (2) the Hg maximum extended 
over four depths spanning 450-950 m (as opposed to the "one-depth" maximum). The 
broad Hg maximum spans multiple water masses and may reflect multiple sources from 
the different low-temperature/low-salinity intrusions: higher concentrations at 455 m are 
likely due to subduction of Hg-rich surface waters and higher concentrations at 647 m are 
likely due to release from particles in low-oxygen waters (Laurier et al., 2004). 
It should be noted that the multi-depth Hg maximum is likely an artifact of 
sampling resolution that is inadequate to capture higher resolution differences through the 
water column. For example, while the high resolution (1 m) temperature, salinity and 
dissolved oxygen profiles generated from the CTD show small variations throughout the 
water column, trace elements samples are collected every few hundred meters and suffer 
from lower sampling resolution. The importance of high sampling resolution can also be 
seen in the dissolved and particulate trace metal concentration profiles: the particulate Mn 
and Fe profiles at Stn. 1 (Fig. 11) appear as maxima over four or five depths (200-650 m), 
but the dissolved Mn and Fe features which result from similar processes appear as only 
single-depth maxima. Higher sampling resolution could help sort out the differences 
between the multi-depth Hg maximum and my single-depth trace metal maxima. 
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Certainly, some questions remain as to the validity of the dissolved trace metal 
concentrations at Stn. 1, 647 m. Moreover, if the high concentrations of Mn and Fe (and 
others, such as Co or Ni which are not reported here) are the actual concentrations, then 
there must be an extraordinary mechanism responsible for preserving such high 
concentrations of dissolved trace metals in solution. Hydrothermal plumes are abundant 
in this region and may be responsible for the anomalously high trace metal 
concentrations, but supporting evidence such as 83He is not available to confirm or deny 
this possibility. Considering that water from the Sea of Okhotsk is a component of the 
intrusion observed at Stn. 1, 647 m, the high DOC concentrations (which could include 
humic and fulvic acids or other organic ligands from the Amur River) observed in the 
intermediate waters of the Sea of Okhotsk may serve to increase the solubility of Fe and 
other trace metals (Nakatsuka et al., 2004b), see also 
http://www.chikvu.ac.ip/AMORE/en08/index.html. 
Unfortunately, no DOC concentrations nor Fe-speciation measurements have 
been reported for these samples. However, Zn-speciation measurements revealed an 
incredibly high excess concentration of Zn-binding ligands (-15 nM above the D-Zn 
concentration) (Gonzalo Carrasco, personal communication). While the high 
concentration of Zn-binding ligands in no way demonstrates that Fe or other trace metals 
are similarly bound, these abnormally high concentrations of metal-binding organic 
ligands are consistent with reports of high DOC export within the intermediate waters of 
the Sea of Okhotsk (Nakatsuka et al., 2004b). 
Nishioka et al. (2007) referenced a personal communication with Minami who 
reported finding total Fe concentrations in excess of 60 nM in DSW and elevated Fe(II) 
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concentrations (actual values not reported) in sediment pore waters of the northwest shelf 
of the Sea of Okhotsk. Similarly, large fluxes of redox-mobilized material could 
originate along the margins of the western North Pacific, as described above. 
The water masses at 527 m and 647 m appear to be distinct, but slightly mixed. 
Therefore, this may actually be the precursor of the NPIW, which is said to form at a core 
potential density of 26.8 oe from the Kuroshio and Oyashio Currents, including 
contributions from both the WSAG and the Sea of Okhotsk (Talley et al., 1995; Yasuda 
et al., 2002; You, 2005). A trend in the temperature/salinity profiles along stations within 
the central North Pacific (Stns. 5-8; Fig. 19) could be showing the gradual mixing of the 
individual water masses at Stn. 1 to form a single water mass in the potential density 
range of 26.5-27.5 Ge- Nishioka et al. (2007) suggested that the high concentrations of Fe 
from the Sea of Okhotsk and the WSAG could be found throughout the NPIW, and this 
data support this claim. In general, D-Fe concentrations determined for the IOC 2002 
samples are highest at potential densities of 26.5-27.5 OQ. The subsurface P-Fe 
concentrations are also highest within this potential density range, with the greatest 
values found at Stn. 1, 527 m, and Stn. 2, 230-300 m. While some Fe at Stn. 2 could be 
transported from the Sea of Okhotsk (Nishioka et al., 2007), it appears that the most 
significant contribution of the P-Fe at these depths results from lateral margin inputs. 
Interestingly, the D-Mn does not show a similar trend in the NPIW. As the material from 
the northwestern shelf of the Sea of Okhotsk is thought to result from resuspension, I 
would not expect to find higher D-Mn concentrations relative to a redox-mobilized 
source. While both dissolved Mn and Fe are likely to be steadily removed during 
transport by oxidation and particle scavenging and settling, dissolved Fe will have greater 
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33.8 34 34.2 34.4 34.6 34.8 
Salinity 
Fig. 19. Development of the NPIW. At potential densities centered around 26.8 o9, the mixing of distinct 
water masses can be observed to form the NPIW as we move from coastal stations (Stn. 1 (blue)) to those 
offshore (Stns. 4 (>••>".:--»*>«), 5 (gray), 6 (purple), 7 (green), and 8 (red)). 
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solubility and residence time due to organic ligands (Bruland and Lohan, 2003). 
Differences in lateral distributions of D-Fe and D-Mn might result in part from organic 
complexation of Fe by the high DOC concentrations transported from the Sea of Okhotsk 
into the North Pacific (Hansell et al., 2002; Hemes and Benner, 2002; Nakatsuka et al., 
2004b). Alternatively, some of the resuspended material observed at Stn. 1, 647 m, may 
be material settling from above at 527 m, since this water mass was similarly high in 
particulate material. 
3. Conclusions 
Evidence for margin inputs to the western North Pacific was observed along the 
Kuril-Kamchatka margin, confirming and further developing the ideas of Lam et al. 
(2008). A comparison of the Mn, Fe and Al distributions in the context of the 
hydrography of the western North Pacific reveal an extensive transport system capable of 
advecting margin-derived material in surface and intermediate water masses far beyond 
the immediate continental shelf. Both redox-mobilized and resuspension processes were 
identified through particulate elemental ratios, which provide an indication of the 
processes responsible for the trace metal distributions. In summary, physical 
oceanographic processes can have a remarkable influence on both the input and transport 
of trace metals. 
The significance of margin inputs goes beyond that of Fe and Mn supply to the 
western North Pacific. The biogeochemistry of other bioactive trace metals can be 
influenced by the formation and transport of Mn oxides (Burdige, 2006; Tebo et al., 
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2004). Co (and Ce) has been shown to be microbially oxidized via the same biochemical 
pathway as that of Mn (Moffett, 1994; Moffett and Ho, 1996). Mn-oxides can also 
adsorb, incorporate and/or oxidize other trace metals, including Co, Cd, Cu, Zn, Ni, Pb, 
and Fe (Tebo et al., 2004 and references therein). As such, it is possible that during 
reductive dissolution of Mn in sediments and the subsequent upward flux of dissolved 
Mn, other trace metals associated with the particulate Mn could be liberated from the 
sediments (Tebo et al., 2004). Additionally, as Mn-oxides are formed in the water 
column abiotically or microbially, other trace metals could be adsorbed and thus removed 
from solution. Whether these processes are significant relative to other input and 
removal processes in the western North Pacific is not currently known, but the additional 
trace metal data presented in the following chapter reveals further relationships between 
trace metals and Mn biogeochemistry. 
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CHAPTER 3 
TRACE METAL BIOGEOCHEMISTRY IN THE 
WESTERN SUBARCTIC GYRE 
1. Introduction 
The western subarctic gyre (WS AG) of the North Pacific Ocean is an upwelling 
region due wind-driven cyclonic circulation, which moves surface water from inside the 
gyre to the outside, replacing it with water upwelled from below (Qiu, 2001). 
Anthropogenic and natural inputs vary in their relative concentrations of trace metals are 
common in this region and vary in their relative concentrations of trace metals, which can 
act as either nutrients or toxins to marine biota in the productive surface waters (see 
Chapter 1: Synopsis of hydrography and relevant features of the Western North 
Pacific Ocean for a review). Therefore, the balance between inputs from these sources 
can influence primary productivity and, in turn, global carbon and nutrient cycles. 
Samples collected during the 2002 Intergovernmental Oceanographic 
Commission (IOC) Contaminant Baseline Survey were analyzed for the dissolved 
concentrations of Cd, Co, Cu, Ni and Zn. Suspended particulate samples were also 
digested and analyzed for Cd, Co, Cu and Ni. The surface dissolved concentrations of 
Cd, Co, Cu, Ni and Zn reported here for the WS AG are some of the highest reported for 
open ocean samples. Co appears to have an additional lateral subsurface source 
superimposed on the upwelling of Co-rich deep waters. This subsurface source is 
coincident with dissolved and/or particulate Mn inputs, suggesting that lateral margin 
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inputs contribute more than Mn and Fe to the WSAG. In contrast, Cd vertical profiles 
may be influenced by margin inputs, even though Cd itself does not seem to be delivered 
from the margin or scavenged by margin material. While particulate Cu and Ni 
distributions are influenced by biogenic and lithogenic processes, the mechanisms 
responsible for much of their variability in the WSAG remain unidentified. My results 
demonstrate that material derived from continental margins can directly or indirectly 
influence the biogeochemistry of some trace metals, but in general, physical processes are 
the dominant influence over dissolved trace metal distributions in the western North 
Pacific. 
1.1. Importance of trace metals in the marine environment 
Trace metals play a significant role in marine biogeochemistry, as the 
concentrations and speciation of these elements can influence the composition and 
productivity of marine microorganisms (Bruland and Lohan, 2003; Donat and Bruland, 
1995; Morel et al., 2003). Despite the importance of trace metal biogeochemistry and the 
great advances made in the last 30 years in reliable sample collection and analysis, large 
regions of the ocean remain understudied, including the western North Pacific. This 
region receives trace metal inputs from both natural (Duce and Tindale, 1991; Measures 
et al., 2005; Nishioka et al., 2007) and anthropogenic sources (Chuang et al., 2005; Cutter 
and Cutter, 2006; Laurier et al., 2004; Ranville and Flegal, 2005), resulting in fluxes to 
the ocean that vary in time, space and relative composition. Furthermore, the western 
North Pacific is comprised of several distinct biogeographical subregions (Fig. 1), 
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including the High-Nutrient/Low-Chlorophyll (HNLC) western subarctic gyre (WSAG), 
the oligotrophic North Pacific subtropical gyre (STG), and the western boundary 
Kuroshio and Oyashio Currents, as well as the mixed-water region between them 
(Measures et al., 2006). While these subregions may be adjacent to each other, they are 
biogeochemically and biologically distinct (Measures et al., 2006; Selph et al., 2005). 
Relatively few attempts have been made to compare the trace metal distributions between 
these regions, despite their biological importance (Ezoe et al., 2004; Fujishima et al., 
2001; Kinugasa et al., 2005; Lam and Bishop, 2008; Lamborg et al., 2008; Shiller and 
Bairamadgi, 2006; Sohrin et al., 2001). For this reason, surface transect and vertical 
profile samples collected during the 2002 Intergovernmental Oceanographic Commission 
(IOC) Contaminant Baseline Survey were examined for dissolved concentrations of Co, 
Cd, Cu, Ni and Zn. Suspended particulate concentrations of Cd, Co, Cu and Ni were also 
determined in vertical profile samples. 
Previous reports from the 2002 IOC expedition revealed that trace metal inputs to 
the western North Pacific differed significantly from expectations. When dust deposition 
fluxes were estimated from dissolved surface Al concentrations (Measures et al., 2005), 
9 1 
inferred dust fluxes were significantly lower (0.3 g m" yr" ) than fluxes predicted from 
models (1-10 g m"2 yr"1), with the lowest dust fluxes observed within the WSAG. Asian 
dust is a likely source of Fe to the North Pacific (Duce and Tindale, 1991), and it has long 
been suggested that insufficient Fe supply is responsible for preventing the complete 
biological uptake of nutrients in other HNLC regions (Martin and Fitzwater, 1988). 
Therefore, it reasonably follows that the low dust supply of Fe may be responsible for the 
HNLC conditions also observed in the North Pacific WSAG (Tsuda et al., 2003). 
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Brown et al. (2005) addressed this hypothesis using dissolved Fe values 
determined from this same expedition, comparing the N/Fe ratios of surface and 
intermediate depth waters. The WSAG is an upwelling region (Qiu, 2001) where 
nutrients from subsurface waters can fuel productivity at the surface. In the WSAG, N/Fe 
ratios below the surface are greater than the N/Fe of phytoplankton demand at the 
surface; therefore, if subsurface waters are the primary source of Fe to the surface, 
phytoplankton removal of N and Fe will require higher N/Fe than at depth. Similarly, if 
atmospheric dust deposition - and not upwelling - is the primary source of Fe, then 
surface concentrations of N (not replaced by atmospheric deposition) will be depleted 
faster than Fe, and the resulting N/Fe ratios will be lower than subsurface waters. From 
these observations, Brown et al. (2005) concluded that within the WSAG, atmospheric 
and fluvial inputs were indeed less important than upwelling. At all other stations outside 
of the WSAG, where upwelling is less intense, lower N/Fe ratios reflect the importance 
of atmospheric deposition. 
Since different trace metals have different behavior and vertical distributions, the 
balance between atmospheric deposition and upwelling will have different effects on the 
dissolved surface trace metal distributions. Surface enrichments typically indicate 
atmospheric deposition or fluvial input. Upwelling could either dilute or increase surface 
concentrations relative to those surface concentrations beyond the upwelling region, 
depending on each metal's vertical distribution. In general, Cd, Cu, Ni and Zn exhibit 
nutrient-type profiles, whereas Co can exhibit either a nutrient- or surface enrichment-
type profile, depending on the location (Donat and Bruland, 1995). 
1.2. Biological processes 
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The western North Pacific is considered an HNLC region due to incomplete 
drawdown of N and P in surface waters (Selph et al., 2005; Tsuda et al., 2003), although 
high primary productivity has been observed along the Kuril-Kamchatka margin (Honda, 
2003 and references therein). Primary production rates vary seasonally, partially due to 
changes in light supply, mixing, and dominant phytoplankton populations (Honda et al., 
2006). At Stn. K2 (47°N 161°E), foraminifera shells (CaC03) accounted for greater than 
50% of the total settling particles in mid-May 2005 with little to no contribution by 
diatoms, whereas diatom tests were the major component of a second large settling flux 
observed in early July of that same year (Honda et al., 2006). 
Other reports have also shown that phytoplankton populations can change rapidly 
in this area when supplied with Fe. During the occupation of IOC Stns. 2 and 3 in mid-
May 2002, shipboard Fe-addition experiments showed that increases in cell-based growth 
rates were mostly due to Synechococcus (Selph et al., 2005). In contrast, a similar in situ 
Fe-fertilization experiment carried out in the WSAG in July 2001 produced a large 
centric diatom bloom (Kinugasa et al., 2005; Tsuda et al., 2003). These differences in 
phytoplankton populations and responses to Fe-additions suggest that controls over 
primary productivity might not be solely explained by the concentrations of a single 
nutrient element such as Fe. 
Changes in the dominant phytoplankton species can influence biological trace 
metal demand. While trace metal requirements of marine microorganisms can be quite 
complex and have yet to be fully elucidated (Bruland et al., 1991), significant differences 
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between metal quotas of cyanobacteria (such as Synechococcus), diatoms and 
coccolithophores have been reported. Coccolithophores do not appear to suffer Fe-
limitation in the subarctic eastern North Pacific (Lam et al., 2001), but Cu additions can 
facilitate increased Fe uptake rates in low-Fe cultures (Morel et al., 2003). Diatoms also 
possess a biological requirement for Cu, but this demand is sometimes independent of Fe 
conditions, indicating a potential substitution of Cu for Fe (Morel et al., 2003). 
Cyanobacteria possess an absolute requirement for Co that cannot be met with Zn (Saito 
et al., 2008), while diatoms and coccolithophores can often substitute Co and Zn 
interchangeably (Morel et al., 2003). Furthermore, the relative concentrations of 
bioactive trace metals can influence biological demand in antagonistic ways (Bruland et 
al , 1991). 
While more exhaustive reviews of the significance of each of these individual 
trace metals can be found elsewhere (Bruland and Lohan, 2003; Donat and Bruland, 
1995; Morel et al., 2003), one subtle yet important consideration is that a given metal's 
availability to phytoplankton as a nutrient or toxin is not only defined by the identity of 
the metal, but also by its total dissolved concentration, its speciation (the physico-
chemical forms it takes in seawater), and its concentration relative to other metals. Such 
analyses are beyond the scope of this paper, but my discussion will include the possible 
effects that interactive trace metal influences might have on biogeochemistry in the 
WSAG. 
1.3. Upwelling in the WSAG 
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Wind-driven cyclonic circulation of the WSAG results in upwelling of nutrient-
rich subsurface waters to the surface (Qiu, 2001). This upwelling can have a dramatic 
effect on the physical and chemical profiles of a region, as exemplified in Fig. 20. 
Differences in temperature, salinity and density amongst the nine stations occupied 
during the IOC 2002 cruise are immediately apparent in the upper water column. Stns. 2 
and 3 in the WSAG possess characteristically lower temperatures, lower salinities and 
higher densities at the surface relative to the other stations (Fig. 20). In contrast, the 
stations of the subtropical gyre (Stns. 1, 5-9) possess higher temperatures, higher 
salinities and lower densities due to the influence of the warm, salty Kuroshio 
Current/Extension. As expected, the properties of Stn. 4, located in the Mixed Water 
Region (MWR) at the confluence of the Kuroshio and Oyashio Currents, reflect 
intermediate values between those of the subarctic and subtropical gyres. 
2. Results and Discussion 
2.1. Surface distribution of the dissolved trace metals 
The upwelling influence in the WSAG is not limited to the hydrography of the 
water column but also extends to the dissolved distributions of some trace metals. In 
general, the dissolved profiles of "recycled" or nutrient-like trace metals like Cd, Cu, Ni, 
Zn, and sometimes Fe and Co, are depleted in high productivity surface waters but 
steadily increase with depth as biological material is remineralized and the elements 
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Fig. 20. Physical properties of the IOC 2002 vertical profile stations in the western North Pacific. The 
subregions can easily be distinguished by differences in the physical properties of the surface waters, as 
stations in the WSAG (2 and 3) have lower temperatures and salinities but greater densities, while the 
subtropical gyre stations (1, 5-9) have higher temperatures and salinities. Furthermore, Stn. 4 of the 
Mixed Water Region, which is located between the two gyres, has physical properties somewhere 
between those of the subarctic and subtropical regions. 
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Upwelling in the WSAG would thus bring deep waters that are rich in these elements to 
the surface: therefore, dissolved concentrations of bioactive (nutrient or toxic) 
tracemetals would be expected to be higher in the surface of the WSAG than outside the 
WSAG. This effect was observed by Brown et al. (2005), who established that upwelling 
alone was sufficient to account for the input of D-Fe and drawdown of nitrate in the 
surface waters of the WSAG. 
2.2. Vertical profiles of dissolved trace metals 
Fig. 21 shows the surface water (0.5 m depth) distributions of the bioactive trace 
metals Cd, Co, Cu, Ni and Zn throughout the western North Pacific. The vertical profiles 
of these dissolved trace metals also reflect atmospheric and riverine inputs as well as the 
upwelling of metal-rich deep waters to the surface (Fig. 22). Interestingly, when the 
vertical profiles are plotted against potential density instead of depth, some trace metals 
show elevated concentrations relative to other IOC 2002 stations at similar densities (Fig. 
23). In general, Cd, Co, Cu and Zn show higher concentrations at potential densities of 
27 ce and less (shallower). Freshening of surface waters by rain, rivers or run-off will 
cause a decrease in salinity and potential density: therefore, the resulting upwelled 
intermediate waters will be more dilute and appear less dense when mixed with surface 
waters. Nevertheless, the relatively higher trace metal concentrations extend far below 
the surface mixed layer, in some cases to greater than 500 m depth, which freshwater 
inputs cannot explain. These higher trace metal concentrations could result from 
horizontal inputs, atmospheric deposition, biological processes such as uptake and 
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Fig. 21. Surface (z=0.5 m) dissolved trace metal concentrations across the North Pacific Ocean during the 
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Fig. 23. Dissolved trace metal profiles vs. potential density. D-Mn is included in this figure to 
demonstrate where margin inputs were found at Stns. 2 (green squares) and 3 (purple diamonds). 
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remineralization. or a combination of these processes. 
Fortunately, several tracers are available that allow us to resolve some processes 
from the others. 
2.3. Estimating the biogenic and lithogenic contributions to particulate trace metal 
concentrations 
Many trace metals are essential nutrients for marine microorganisms (Bruland and 
Lohan, 2003; Morel et al., 2003), and the ratios of these bioactive trace metals to other 
macronutrients have been approximated in field studies of marine particles and in 
laboratory cultures (Table 1; Bruland et al., 1991; Ellwood and van den Berg, 2001; Ho, 
2006; Ho et al., 2007; Kuss and Kremling, 1999; Sanudo-Wilhelmy and Flegal, 1992). 
Therefore, comparison of trace metal concentrations to those of a macronutrient such as P 
should allow us to estimate the biological fraction of these trace metals, with the 
understanding that the natural variability amongst microorganism requirements and 
relative populations will only allow us a semi-quantitative assessment of the biological 
association of the trace metals. 
For the purposes of this exercise, I will focus my attention on the dissolved and 
particulate trace metal distributions at Stn. 2 (KNOT). In Chapter 2: Margin inputs 
and transport in the western North Pacific, Stn. 2 was shown to receive redox-
mobilized sediment inputs of dissolved and particulate Mn and Fe. By comparing the 
total particulate trace metal concentrations with estimates of the biogenic and lithogenic 

































































































































































































































































































































































































































total = biogenic + lithogenic + other. At Stn. 2,1 assume that the "other" fraction is 
predominantly authigenic Mn-oxides resulting from the redox-mobilized sediment flux 
from the nearby Kuril-Kamchatka margin. Comparing these biogenic, lithogenic and 
authigenic fractions with the vertical profiles of Cd, Co, Cu and Ni, I can estimate how 
significantly each fraction influences the different trace metal distributions. 
2.3.1. Particulate P as a biogenic tracer 
To estimate the biogenic fraction, the particulate P (P-P) concentration is used 
after subtracting the lithogenic-P contribution: 
Biogenic-P = Total-P (or P-P) - Lithogenic-P (Total Al x average crustal P/Al ratio) 
In general, my particulate P (Fig. 24) distributions are consistent with the chlorophyll a 
concentrations reported by Selph et al. (2005). 
However, it must be noted that filter blanks for P-P were unacceptably high, 
greater than most of the subsurface P-P concentrations. I do not have an exact 
explanation for why the blanks were so high for P-P, but there are a few possible 
explanations. P is poorly ionizable within the Ar plasma of the ICP-MS, which 
contributes to low instrumental sensitivity. Field et al. (2007) were able to increase 
sensitivity for P by supplementing the Ar gas with methane. At the time of sample 
analysis, I was unaware of this procedure. Also, it came to my attention that while both 
sampled filters and the blank filters were cleaned identically, the blank filters were never 
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flushed with ultrapure water or low-particle seawater, as were the sampled filters. Even 
acid-washed filters can contain background levels of some elements (for example, Zn and 
P) greater than those concentrations found in the open ocean and appropriate remedies to 
these issues remain unresolved (R. Sherrell, personal communication). Typically, the 
sample filters are flushed with as much as 2 L of seawater before collecting samples for 
dissolved metals: therefore, any dissolved elements trapped in the mesh of the filter 
would be flushed away with seawater and thus never be detected. I believe that this 
flushing (or lack thereof) is responsible for the discrepancies between the blank filters 
and sampled filters for other trace metals such as Zn, but admittedly, I did not test this 
hypothesis in this project. Nevertheless, the sample P-P still showed oceanographically 
consistent trends, especially when compared against P-Cd (reported here) and other 
biological parameters as reported in Selph et al. (2005) and similar studies of P-P in the 
North Pacific (Yoshimura et al., 2007). Therefore, I elected to subtract only the P 
concentration in the final 2% HNO3 digest solution as a blank value for P. Before 
submitting this report for publication, it is my intent to re-analyze the filter digests for P 
and other elements, applying those procedural modifications as described by Field et al. 
(2007); for now, the current discussion is minimally affected (if at all) by any potential 
corrections to the absolute P-P concentrations. 
2.3.2. Lithogenic tracers 
In addition to biological influences on particulate trace metal distributions, 


























































































































































































































































































































lithogenic material by atmospheric deposition of mineral dust or through offshore 
transport of resuspended crustal material. The lithogenic contribution of a trace metal 
can be estimated by comparing its concentration to the crustal abundance of a lithogenic 
tracer element, such as Al or Ti (Fig. 24). Since some fraction of mineral dust is soluble, 
the trace metal-to-tracer ratios can be corrected for loss from the particulate phase 
through dissolution. For example, Al solubility in seawater is approximately 2.3% while 
Mn solubility is 55% (Sanudo-Wilhelmy and Flegal, 1994). Therefore, "lithogenic" 
fraction estimates can be corrected for solubility differences, which would account for 
disproportionate losses from the particulate phase. This solubility correction was applied 
to Al (2.3%) and Co calculations using Mn solubility (55%) as a proxy for Co (Sunda and 
Huntsman, 1998). 
The following definitions describe the approach to estimating biogenic and 
lithogenic fractions of the particulate trace metals: 
Litho-P: Total Al x P/Al OR Total Ti x P/Ti 
(based on Post-Archean Australian Shale (PAAS) or Upper Continental Crust 
elemental abundances) 
Bio-P: Total P - Lithogenic-P 
Bio-TM: Biogenic-P x TM/P 
(based on average microorganism elemental stoichiometry; Table 1) 
Litho-TM: Total Al x TM/A1 OR Total Ti x TM/Ti 
(based on PAAS or Upper Continental Crust elemental abundances) 
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Some systematic variability was found when Al and Ti were plotted against each 
other, probably resulting from the adsorptive interaction of Al with some particles (e.g., 
silicates). Nevertheless, trace metal ratios against Al or Ti showed little variability, so 
either lithogenic tracer is probably acceptable for this exercise. Mn and Co ratios were 
calculated against Al (for comparison with calculations presented in Chapter 2), while 
Cd, Cu, and Ni were calculated against Ti. 
After subtracting the lithogenic and biogenic components, the remaining 
particulate trace metal concentrations should be a result of anthropogenic inputs, 
scavenging, or other inputs such as margin inputs of authigenic trace metals. While 
anthropogenic inputs and scavenging are expected to influence trace metal 
biogeochemistry, quantifying their influence is difficult. However, I can qualitatively 
compare trace metal distributions with those of the Mn-enriched particulate material (Fig. 
24): here, similarities in distributions likely indicate related biogeochemical cycles. 
2.4. Mn-oxide influence on Co biogeochemistry 
By estimating the biogenic and lithogenic fractions from published ratios, the 
proportions of these two fractions in total trace metal distributions can be seen. Fig. 25 
shows P-Co fractions at Stn. 2 (KNOT), revealing two maxima at the surface. The 
lithogenic component of the shallower P-Co maximum (22%) is larger than that of the 
deeper maximum, likely reflecting a recent crustal dust deposition event (as seen in Mn, 
Fe and Al ratios, reported in Chapter 2). However, it is the biogenic fraction that 








Fig. 25. Particulate Co fractions at Stn. 2 (KNOT). See text for explanation of the 
biogenic, lithogenic and other fractions. 
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most conservative Co/P value (0.06 mmol/mol P), the estimated P-Co concentration 
exceeds the total P-Co at the shallowest depth (20 m). Since biotic Co/P ratios are 
subject to numerous biological variables - such as community composition, biological 
demand, and grazer controls - and are poorly constrained, it is not surprising that the 
estimates might yield unrealistic values. Nonetheless, this exercise does give a 
qualitative picture of the controls over particle distribution. 
After subtracting biogenic and lithogenic contributions, the remaining P-Co 
distribution shows a second subsurface maximum centered at 150 m. It is at this depth 
that high P-Mn concentrations and elevated P-Mn/Al and P-Mn/Fe ratios were observed, 
which suggest that the neighboring Kuril-Kamchatka margin may be a source of redox-
mobilized Mn to Stn. 2 and the WSAG (see Chapter 2 for a full discussion). Due to the 
correlation between the P-Co and P-Mn maxima at 150 m, it appears that a significant 
proportion of the P-Co is associated with Mn-oxides. Some discussion exists within the 
literature about the mechanism behind this association. One theory suggests that D-Co is 
oxidized within the water column by marine bacteria, via the same biochemical pathway 
as Mn (e.g., Bargar et al., 2000; Moffett and Ho, 1996; Tebo et al., 2004). On the other 
hand, laboratory studies have shown that Co can be oxidized through strictly abiotic 
processes upon adsorption to Mn-oxide particles (e.g., Takahashi et al., 2007). 
Regardless of the mechanism, P-Co is clearly seen to be associated with Mn-enriched 
particulate material in the vertical profiles of the WSAG. 
The D-Co maximum is centered at 100 m, between the P-Co maxima (Fig. 26). 
As stated previously, dissolved surface Co concentrations in the WSAG are significantly 
higher than those outside the WSAG, requiring an additional source. Upwelling alone 
95 
cannot account for the higher concentrations at the surface, as comparisons of D-Co 
vertical profiles (vs. potential density) between stations within the WSAG and those 
outside the WSAG suggest an additional source over vertical upwelling (Fig. 23). It 
seems likely that the Kuril-Kamchatka margin supplies both Mn and Co to the WSAG. 
Fig. 27 illustrates the proposed effects of light and oxygen on dissolved and 
particulate Mn distributions. At depth, dissolved oxygen concentrations in the WSAG 
are very low (Fig. 28) and prevent the in situ formation of oxidized Mn particles. As 
oxygen concentrations increase nearer the surface, the D-Mn is oxidized and converted to 
P-Mn. However, as Mn-oxides are mixed into the surface waters, they are 
photochemically reduced in reactions with DOM (Obata et al., 2007). Mn-oxides 
dissolve, resulting in a decrease in P-Mn and an increase in D-Mn at the surface. 
Like Mn, Co distributions appear to be at least partially controlled by light and oxygen, 
and the following mechanism is proposed for Co biogeochemistry at Stn. 2. Co is 
reduced in oxygen-poor sediments and released as a redox-mobilized flux like Mn (Lee 
and Fisher, 1993). Below 200 m, low oxygen concentrations (-25 uM; Fig. 28) prevent 
the formation of oxidized P-Co. Coupled with remineralization of settling material from 
the surface, D-Co concentrations below 200 m are high while P-Co concentrations are 
relatively low (Figs. 25 and 26). As oxygen concentrations increase nearer the surface, 
P-Co concentrations increase: again, the similar particulate Co and Mn maxima and 
common biochemical formation pathway suggest that much P-Co is formed from 
oxidation of D-Co(II) and exists as Co(III)-oxides. At the very surface, light levels 
increase, the P-Co-oxides are photochemically destroyed and D-Co concentrations 
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Fig. 28. Dissolved oxygen concentrations in the WSAG. Stn. 2 (green squares) and Stn. 
3 (purple diamonds). Red dotted line indicates -200 m. 
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processes, resulting in a particulate Co surface maximum coincident with P-P. Thus, Co 
is supplied with Mn from the margin sediments to the surface waters of the WSAG. 
2.5. Could Co (III)-oxides be a "strong Co ligand" complex 
D-Co speciation is known to be controlled by a strong ligand, possibly an organic 
chelator produced by marine microorganisms (Bruland et al., 1991; Saito et al., 2005). 
While the exact structure of these ligands remains a mystery, the concentration and 
relative binding strength of the Co-ligand complex can be determined through 
electrochemical competitive ligand titrations (Ellwood and van den Berg, 2001; Saito and 
Moffett, 2001). However, attempts to back-titrate the Co from the natural Co-ligand 
complex are occasionally unsuccessful (Saito et al., 2005). Based on this phenomenon, 
the natural Co-ligand complex is believed to be even stronger than the competitive ligand 
or, alternatively, Co exists in the Co(III) oxidation state (Co is quite stable in seawater as 
Co(II)). Co complexes called cobalamins (such as vitamin-Bi2) fit these characteristics, 
forming exceptionally strong Co(III) complexes (Ellwood and van den Berg, 2001; Saito 
et al., 2005). These complexes are quite fragile when exposed to light, with UV-
oxidation times of only a few minutes sufficient to liberate the Co from the complexes 
(M.A. Saito, personal communication). 
While the hypothesis of a strong organic ligand complex certainly fits the 
observations, colloidal Co-oxides also provide a reasonable explanation of the 
observations (Saito et al., 2005). Mn and Co have similar chemistries in seawater, 
possibly being oxidized through the same microbial pathway (Moffett and Ho, 1996). 
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While Co could be indirectly oxidized by freshly produced Mn-oxides (Murray et al., 
2007), the fact remains that Co may exist as Co-oxides in a colloidal or "nanoparticle" 
phase under natural conditions in seawater. My data suggest significant concentrations of 
particulate Co-oxides, but "colloidal" Co-oxides could pass as "dissolved" Co through 
0.4 jim-pore size filters. A similar effect has been reported for Fe, whose dissolved 
concentrations have a significant portion in a colloidal phase (Wu et al., 2001). If these 
colloidal Co-oxides were resistant to competitive ligand titrations, the dissolved Co could 
appear to exist as a strong organic ligand complex. Furthermore, if the Co-oxides react 
with DOM as do Mn-oxides, or are associated with Mn-oxides, then UV-irradiation 
might release Co to the dissolved fraction, resulting in higher dissolved Co 
concentrations: UV-irradiation has been acknowledged as a required pretreatment for the 
accurate detection of dissolved Co (Saito et al., 2004; Shelley et al., 2010) and by the 
SAFe consensus reference material project (K.W. Bruland, personal communication). 
The presence of colloidal Co-oxides does not negate the presence of organic-Co-
complexes. Rather, colloidal Co-oxides lend further support to a biological necessity for 
strong Co-binding organic ligands to prevent the loss of Co through oxidation and 
settling, especially by those organisms with an absolute biological demand for Co such as 
Synechococcus and Prochlorococcus (Saito et al., 2002; Saito et al., 2005; Sunda and 
Huntsman, 1995). While this discussion may be speculative, it does raise the possibility 
of a significant colloidal Co phase in seawater. 
Since Co and Mn share similar chemistries in seawater, it is not unreasonable to 
suggest that a margin source could introduce both trace metals to the WSAG (Saito et al., 
2004). Additionally, other trace metals could be introduced from the margin and/or 
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influenced by authigenic Mn-oxide particles (Sherrell and Boyle, 1992). Trace metals 
associated with the Mn-oxide phase in sediments could be released upon reductive 
dissolution of particulate Mn. However, trace metals such as Cd, Cu, Ni and Zn also 
form insoluble sulfide minerals, which could trap the metals in reducing sediments and 
prevent their release to the overlying waters (Murray et al., 2007). In the water column, 
Mn-oxides that form after release from the sediments can interact with these dissolved 
trace metals through adsorptive processes (Tebo et al., 2004 and references therein). 
Therefore, the distributions of the other bioactive trace metals - Cd, Cu, Ni and Zn -
could be influenced by margin inputs in various ways. 
2.6. Dissolved and particulate Cd distributions 
Vertical profiles of dissolved Cd correlate with dissolved phosphorus, revealing 
the close biogeochemical similarity between the two elements (Cullen et al., 2003). Cd is 
the metal cofactor in a carbonic anhydrase (Lane et al., 2005) and may also substitute for 
Zn and .Co in the carbonic anhydrase of diatoms and coccolithophores (Price and Morel, 
1990). Cd may also act as a toxin to the cyanobacterium Synechococcus (Brand et al., 
1986) and some species of the diatom Thalassiosira (Tortell and Price, 1996), and Cd 
speciation may be regulated by biological processes in open ocean surface waters: 
"Presumably these ligands are of biological origin and, thus, oceanic biology is directly 
or indirectly influencing oceanic chemistry, in particular the chemical speciation and free 
ion concentrations of trace metals such as Cd (Bruland, 1992)." 
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It is not only the total dissolved and/or free ion concentrations of Cd that determines 
microorganism toxicity but also the identity of the microorganism (Tortell and Price, 
1996) and the relative concentrations of Zn and Co in diatoms (Price and Morel, 1990) or 
Zn and Cu (Wei et al., 2003). In addition, dissolved Fe concentrations have been 
suggested as having some influence over biological Cd requirements, as lower diatom 
growth rates (due to Fe-limitation) were found to result in higher Cd/P ratios (Cullen et 
al., 2003). 
Average Cd abundance in crustal material is low, with values only around 0.09 
ppm compared to crustal P values near 1000 ppm; therefore, dissolved and particulate Cd 
distributions should be dominated by biological processes. In general, the particulate 
Cd/P ratios at Stn. 2 (Fig. 29) are near previously published values (0.4-0.5 mmol Cd/mol 
P; Table 1) reflecting the dominant influence of biological processes over Cd 
distributions. However, a subsurface maximum in the P-Cd/P profile is observed at the 
depth where the margin input was identified (100-300 m; Fig. 29). Applying the same 
approach as for Co, I attempted to resolve the P-Cd distributions according to lithogenic 
and biogenic associations to reveal the "other" fraction (Fig. 30). As expected, the 
lithogenic Cd fraction is small, and the biogenic fraction explains much of the P-Cd 
distribution. However, while the "other" fraction shows some features in the surface, it is 
difficult to identify the mechanism or process (such as scavenging by Mn-oxides) behind 
the P-Cd distribution variability. 
2.7. Cd scavenging by Mn-oxides? 
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Fig. 29. Particulate Cd/P ratios at Stn. 2 (KNOT). Typical Cd/P ratios in marine 
microorganisms are 0.4-0.5 mmol Cd/mol P. 
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A small increase in P-Cd concentrations at 150 m coincides with that of the P-Mn/Al 
maximum, possibly indicating that Cd is associated with the authigenic Mn-oxide phase. 
As the P-Mn/Al maximum rapidly decreases through the dissolved oxygen minimum at 
300 m, I see the P-Cd "other" concentrations disappear as well. Unlike Co,Cd does not 
form a particulate oxide species but is more likely to be adsorbed to the Mn-oxide surface 
and/or incorporated into particles during formation and aggregation (Tebo et al., 2004). 
The factors governing trace metal release or uptake by sediments are complex and 
include sedimentation rates, organic carbon composition, and oxidant concentrations 
(Burdige, 2006). Without more detailed information about the margin source, it is 
impossible to ascertain whether P-Cd associated with Mn-oxides is being transported to 
the WSAG (as a margin input) or being scavenged from the water column (as a removal). 
Nevertheless, the P-Cd concentration associated with Mn-oxides is large (~0.9 ng/L, or 8 
pM) and likely represents a significant process in the WSAG even though the P-Cd is 
only a small fraction (1-2%) of the high surface D-Cd concentrations (-500 pM). 
2.8. Anthropogenic Cd? 
A similar local P-Cd maximum is found in the "other" fraction at 80 m. The 
lithogenic, biogenic and Mn-oxide influences on the P-Cd distribution have been 
accounted for, so some portion of the P-Cd in the surface of the WSAG could result from 
anthropogenic aerosols. Industrial emissions from developing nations can be carried 
great distances from their point of origin and are composed of fine particles possibly 
enriched in trace metals (Chuang et al., 2005; Lin et al., 2007; Sedwick et al., 2007). 
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Fig. 30. Particulate Cd fractions at Stn. 2 (KNOT). 
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Particle settling fluxes determined from the VERTIGO project suggested that some 
fraction of the V and Zn in the WSAG could be explained by atmospheric input of 
anthropogenic material (Lamborg et al., 2008). The P-Cd peak at 80 m could be due to 
an anthropogenic source, but not enough information is available to draw any further 
conclusions. 
2.9. Another possible biological explanation for Cd/P variability 
For the purposes of this particle speciation exercise, certain assumptions have 
been made regarding the elemental ratios in lithogenic and biogenic material. While 
crustal abundances may show relatively little variability, differences in solubility between 
crustal minerals can be quite dramatic. Since the lithogenic contribution of Cd is 
relatively small, variability in mineral solubility is not expected to have a large effect on 
particulate or dissolved Cd distributions. The elemental stoichiometry of marine 
microorganisms, on the other hand, is somewhat flexible, with Redfield-type estimates 
varying due to community composition, changes in growth rates, and environmental 
conditions. Therefore, estimates of particulate trace metal concentrations based upon 
biogenic-P are inherently suspect, as even the best estimates of biological requirements in 
the lab and field show variability (e.g., Ho, 2006). 
With these caveats in mind, there are some interesting alternative explanations for 
the subsurface P-Cd/P maximum in the surface waters of the WSAG. Biological demand 
and uptake of Cd are affected by many factors (Bruland et al., 1991; Bruland and Lohan, 
2003; Morel et al., 2003), including the interactive influences of Cd, Cu and Zn (Wei et 
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al., 2003); Cd, Co and Zn (Saito et al., 2008; Sunda and Huntsman, 1995); and Mn, Fe, 
Cd and Zn (Sunda and Huntsman, 2000). Investigating these interactive influences by 
trace metals requires more information than presented in this chapter. Of particular 
importance are the free metal ion concentrations, which are determined by not only the 
inorganic chemical speciation of each element, but also by complexation by organic 
compounds. These organic compounds are suspected of being biological in origin and 
are effective free-ion buffers for trace metals in seawater (Bruland and Lohan, 2003). 
Fortunately, the chemical speciation of Cd and Zn are being investigated in a related 
project by G.G. Carrasco. While investigating the interactive influences of trace metals 
in the WSAG is beyond the scope of these two projects, the combined data sets should 
allow us to explore these possibilities. With that said, the P-Cd/P maximum at 150 m at 
Stn. 2 may not be due to an additional input of Cd, but may be due to the interactive 
influence of Mn. In experiments with Thalassiosira pseudonana, a coastal marine 
diatom, higher concentrations of dissolved Mn resulted in a decrease in Cd uptake rates 
(Sunda and Huntsman, 1998). As P-Mn concentrations increase at 150 m, the D-Mn 
concentration simultaneously decreases, possibly removing an inhibition to Cd, Zn, or Cu 
uptake. Therefore, the higher P-Cd/P ratio may result from increased biological uptake of 
D-Cd by a group of microorganisms who control trace metal uptake not only through the 
secretion of strong organic chelators but also through the removal of Mn (by oxidation to 
the particulate phase). Thus, by adjusting the relative extracellular concentrations of 
trace metal inhibitors, the microorganisms are able to sequester more of their desired 
nutrient elements or poison those competitor microorganisms with greater sensitivities to 
toxic trace metals. 
2.10. Cu and Ni distributions 
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While the particulate distributions of Co and Cd showed more easily identifiable 
correlations with other tracers, Cu and Ni distributions are somewhat less readily 
explained. Particulate Cu distributions in the WSAG show increasing concentrations with 
depth (Fig. 31), in contrast to those of Co and Cd. Like Cd, the lithogenic contribution of 
Cu is small and most P-Cu in the surface is associated with biogenic particles (0.4 mmol 
Cu/mol P). While there does appear to be an increase in the P-Cu "other" fraction to 100 
m, the profile does not generally follow any apparent trend, including that of Mn-oxides. 
Therefore, it is likely that most P-Cu is a result of adsorption/scavenging to suspended 
particles in the water column. 
Particulate Ni fractions were more difficult to estimate and examine. While the 
range of biological ratios for Ni is relatively narrow (0.21-1 mmol Ni/mol P), only the 
lowest values gave reasonable biogenic estimates throughout the upper 1000 m. Higher 
Ni/P ratios (>0.3 mmol Ni/mol P) resulted in predicted biogenic-Ni values in excess of 
my measured values. As stated, some studies have shown that the elemental 
stoichiometry of marine microorganisms is flexible (Twining et al., 2004), and my low 
Ni/P estimates likely reflect this. With that said, the P-Ni distributions are dominated by 
the "other" fraction, with little or no apparent correlation with any other tracer (Fig. 32). 
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Fig. 31. Particulate Cu fractions at Stn. 2 (KNOT). 
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Surface dissolved concentrations of the bioactive trace metals Co, Cd, Cu, Ni and 
Zn in the WSAG are possibly the highest reported in an open-ocean region, with 
concentrations as much as 100 times higher than in typical open-ocean surface waters. 
While the WSAG has been confirmed as an Fe-limited HNLC region (e.g., Brown et al., 
2005), it is likely that the interactive influences of these other trace metals have some 
effect on the marine microorganism community composition and productivity. Recall 
that Fe-addition experiments conducted in the WSAG by Selph et al. (2005) showed that 
increases in cell-based growth rates at Stns. 2 and 3 were mostly due to Synechococcus. 
Synechococcus has been found to dominate in other upwelling regions and inhibit a shift 
in community composition when Co supply is high (Saito et al., 2005): such a mechanism 
might partly explain the increase in Synechococcus growth rates in the WSAG. In 
contrast, a similar Fe-fertilization experiment carried out in the WSAG produced a large 
centric diatom bloom (Kinugasa et al., 2005; Tsuda et al., 2003). Could temporal 
changes in the Co supply from the nearby margin have influenced the differences in 
biological response? 
While the vertical profiles of some trace metals exhibit similar distributions, the 
corresponding suspended particulate distributions are very different. The sources of 
particulate Co fractions were fairly easy to resolve and clearly demonstrated horizontal 
advection from a nearby margin source, most likely the Kuril-Kamchatka margin. 
Particulate Cd fractions were dominated by biogenic particles as expected, with possible 
deviations from published elemental stoichiometry due to interactive antagonisms with 
other trace metals, such as Mn. Particulate Cu and Ni distributions, while predicted to be 
dominated by biogenic processes, did not correlate well with particulate P. 
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Fig. 32. Particulate Ni fractions at Stn. 2 (KNOT). 
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Remineralization of biogenic particles is expected to return Cu and Ni to the dissolved 
phase: as particulate P concentrations decrease, I expect particulate Cu and Ni to decrease 
as well. However, particulate Cu and Ni concentrations generally increased with depth 
below 300 m (Figs. 31 and 32). Therefore, a small percentage (-1%) of the dissolved 
concentrations of these trace metals appear to be continuously scavenged onto particles of 
undetermined composition. 
Still, the source of the unusually high surface dissolved trace metal concentrations 
has yet to be fully explored. While a redox-mobilized sediment flux from the Kuril-
Kamchatka margin can explain the higher dissolved and particulate Co concentrations, 
such a source does not appear to account for Cd, Cu or Ni. Furthermore, lithogenic 
sources only account for a small fraction of the concentrations of these trace metals, and 
the lack of a clear surface enrichment precludes a significant anthropogenic input 
delivered through atmospheric deposition. Therefore, as other possible sources are 
eliminated, the possibility that upwelling of trace metal-rich deep waters is the main 
mechanism becomes increasingly more likely. This paper lays the foundation for 
modeling the effects of upwelling (through advection and turbulent mixing) on dissolved 
trace metal distributions in the WSAG. 
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CHAPTER 4 
MODE WATER TRANSPORT OF LEAD TO THE CENTRAL NORTH PACIFIC 
1. Introduction 
Pb exists at trace concentrations in the natural environment but is a byproduct of a 
variety of anthropogenic processes, including gasoline and coal combustion (Shotyk and 
Le Roux, 2005). As such, Pb concentrations and isotopes are useful tracers for 
anthropogenic inputs to the marine environment (Schaule and Patterson, 1981). Total, 
dissolved and particulate Pb concentrations (also referred to as "common Pb") can be 
used as tracers for both natural and anthropogenic inputs, depending on the relative 
abundance of Pb to a crustal tracer such as Al. 
1.1. Surface distributions of Pb 
Anthropogenic inputs to the North Pacific have been investigated using common 
Pb concentrations (Fig. 33). It is important to note that some researchers determined 
dissolved Pb concentrations while others determined unfiltered Pb concentrations (to 
avoid contamination during sample collection and processing). However, since 
particulate Pb concentrations are a small fraction of the total (1-10%), the overall trends 
are not greatly affected by differences between dissolved and total Pb concentrations. 
Despite relatively few reported values over the entire North Pacific, a general 

























































































































































































eastern North Pacific off the coast of California and highest in the western North Pacific, 
likely resulting from atmospheric and riverine inputs from the Asian mainland. Seasonal 
wind patterns from the Asian continent carry fine-grain anthropogenic emissions far 
across the ocean and have been suggested of being more significant to the transport of 
some trace metals (such as Fe) than mineral sources (Chuang et al., 2005; Lin et al., 
2007; Martin et al., 2003). 
Pb-210 is a relatively short-lived isotope (half-life = 22.3 years) and can be used 
as a proxy for recent deposition and Pb scavenging (Murray et al., 2005; Nozaki et al., 
1976). According to Schaule and Patterson (1981), surface distributions of Pb-210 
generally agree with common Pb distributions between Hawaii and California, suggesting 
that atmospheric deposition is the major source of Pb to the North Pacific surface waters. 
The highest surface Pb-210 concentrations are found halfway between Japan and Hawaii 
with lower surface concentrations along the Asian continental margin, due to greater 
biological productivity and thus scavenging of D-Pb (Nozaki et al., 1976). 
1.2. Vertical profiles of Pb 
Additionally, vertical profiles of common Pb concentrations show surface 
enrichment due to atmospheric deposition and a decrease with depth due to scavenging 
(Schaule and Patterson, 1981). Since the major source of Pb to the open ocean is 
believed to be atmospheric deposition of anthropogenic aerosols (from sources such as 
leaded gasoline), it follows that as Pb is eliminated from anthropogenic sources then 
surface Pb concentrations should decrease. Surface Pb concentrations in the central 
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North Pacific have decreased by nearly half, from ~65 pM in 1976 (Schaule and 
Patterson, 1981) to -35 pM in 1999 (Boyle et al., 2005). The primary mechanism of this 
decrease is attributed to the phase-out of Pb in gasoline fuel (Boyle et al., 2005). 
However, at the same time surface concentrations have steadily decreased, subsurface Pb 
concentrations in the central North Pacific have remained relatively constant over the past 
20 years. In fact, the subsurface (~200 m) Pb maximum of-65 pM in 1999 is nearly 
identical to the value of -70 pM observed in 1976 (Boyle et al., 2005; Schaule and 
Patterson, 1981). This subsurface Pb maximum does not appear to result from the mixing 
of surface waters enriched by atmospheric inputs of Pb. 
A similar subsurface maximum of-67 pM at 48°N 141°W (Flegal et al., 1986) 
was attributed by Flegal and Patterson (1983) to high atmospheric input followed by high 
biological productivity, which would serve to scavenge Pb from the surface and 
remineralize deeper in the water column. Flegal and Patterson (1983) further claimed 
that since the residence time of Pb (-2 years) is less than horizontal water mass transport, 
Pb would be removed from the water column faster than it could be transported 
horizontally and thus atmospheric inputs were the predominant source. Schaule and 
Patterson (1981) similarly stated that lateral transport appeared to be insignificant relative 
to atmospheric deposition of common Pb. However, Flegal (1986) would later determine 
that estimated atmospheric fluxes were insufficient to account for the subsurface Pb 
maximum and suggested that the subsurface maximum resulted from lateral transport 
processes. 
Stable Pb isotopes (204, 206, 207 and 208) are useful for identifying the origin of 
anthropogenic and natural Pb inputs to the ocean, since the source materials possess 
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unique isotopic signatures which are generally preserved during transport (Choi et al., 
2007; Flegal et ail., 1986). Upwelling filaments along the California coast possessed 
lower Pb/ Pb ratios (~1.17) than surrounding waters, which are more indicate of Pb 
originating from Asia than North America ( Pb/ Pb = 1.22). These results are further 
evidence that waters enriched in Asian Pb can be transported below the surface as well as 
by atmospheric deposition. 
While the sources of these Pb-enriched subsurface waters have yet to be 
identified, marginal seas along the western North Pacific are potential candidates as they 
can accumulate anthropogenic material from riverine, run-off and atmospheric sources. 
The East China Sea (ECS) accumulates significant Pb concentrations in the water column 
and sediments originating from the Asian mainland (Lin et al., 2000). Resuspended 
sediments of the ECS can then be introduced into the Kuroshio Current by the Okinawa 
Trough, located between the ECS and the North Pacific Ocean (Hung et al., 1999). Since 
the Kuroshio Current passes through the ECS before turning into the western North 
Pacific, significant amounts of anthropogenic elements like Pb could be transported by 
ocean currents as well as wind. 
Numerous intermediate water masses form off the coast of Japan that can carry 
material below the surface into the central North Pacific Ocean. Horizontal mixing along 
isopycnals from the coast into the North Pacific open ocean has been suggested for 228Ra 
and 228Th (Nozaki et al., 1981). High concentrations of dissolved Al ("D-Al") are 
advected by Subtropical Mode Water (STMW) from the coast of Japan across the 
subtropical gyre almost to Hawaii (Measures et al., 2005). If D-Al (a tracer for mineral 
dust inputs) could be transported below the ocean surface by intermediate water masses, 
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then other trace elements might be carried along as well. Here, the transport of dissolved 
and particulate Pb is shown to occur by a similar mechanism, demonstrating that 
anthropogenic inputs from the Asian mainland are not limited only to atmospheric 
transport. 
2. Results and Discussion 
2.1. Surface dissolved Pb concentrations 
Surface concentrations of D-Pb from the IOC 2002 cruise are shown in Fig. 34 
along with other previously reported measurements. The most striking feature of the D-
Pb distribution is that the highest concentrations are centered between the subarctic and 
subtropical gyres, along the Kuroshio Current/Extension and the Mixed Water Region 
(MWR). Compared to the other trace metals measured in this project (see Chapter 3), 
only D-Pb exhibited a distribution like that shown in Fig. 34, requiring a unique 
explanation for its distribution. Middle latitude westerly winds from the Asian mainland 
follow a similar path to that of surface D-Pb (Figs. 34 and 35) and are known to carry 
significant concentrations of organic pollutants (Martin et al., 2003). Deposition events 
encountered during the IOC 2002 cruise based on total aerosol Fe concentrations (Buck 
et al., 2006) do not correlate well with my surface D-Pb distributions. Buck et al. (2006) 
also estimated Fe-solubility, which has been shown to be elevated in anthropogenic 
aerosols over mineral (crustal dust) aerosols (Chuang et al., 2005; Sedwick et al., 2007). 


























































































































































































































































































in contrast to the total aerosol Fe distributions, and are consistent with the understanding 
that atmospheric deposition may be a significant vector of anthropogenic material and Pb 
to the North Pacific Ocean. 
As previously mentioned, intermediate water transport has been cited as another 
possible mechanism for transporting Pb to the open ocean in addition to atmospheric 
inputs of Pb (Flegal et al., 1986). During the IOC 2002 cruise, the highest surface D-Pb 
concentrations were found to be coincident with the flow of the Kuroshio 
Current/Extension. Before entering the western North Pacific, the Kuroshio Current 
travels along the coast of Japan after passing through the ECS along the Okinawa Trough 
(Hung et al., 1999; Lin et al., 2000; Measures et al., 2006). The current then turns east, 
forming a boundary between the Western Subarctic Gyre to the north and the subtropical 
gyre to the south, becoming the Kuroshio Extension and eventually the North Pacific 
Current (Measures et al., 2006; Qiu, 2001). Within the ECS, D-Pb concentrations are 
exceptionally high, with concentrations off the coast of Taiwan reaching 300ng/L (nearly 
1.5 nM) in the upper 50 m (Lin et al., 2000). As the Kuroshio Current enters the 
Okinawa Trough, it overruns the shallow (100-200 m) shelf of the ECS (Lin et al., 2000). 
This shoaling along the shelf could mix Pb-rich water from the ECS into the Kuroshio 
Current. The continued transport of the Kuroshio Current along the Japan coastline could 
also receive Pb by riverine, runoff or localized atmospheric inputs, further increasing the 
D-Pb concentrations. 
2.2. Vertical D-Pb and P-Pb profiles 
At Stn. 1 (34°28'N, 146°59.2'E), just off the coast of Japan, high D-Pb 
concentrations are not limited to the immediate surface but extend far below the surface 
mixed layer (48 m) to 300 m (Fig. 36). In fact, the maximum is not at the surface, as 
would be expected if atmospheric deposition were the dominant source of Pb to this 
station, but instead at 300 m. Upon comparison with the vertical profiles of other trace 
metals at this station (not shown), including D-Al (Measures et al., 2005), only Pb 
exhibits a subsurface maximum at 300 m at Stn. 1. 
The vertical profile of P-Pb at Stn. 1 (Fig. 37) also shows a subsurface maximum 
at 300 m. While this P-Pb maximum may result from lateral or vertical transport of Pb-
rich particles, neither P-Al concentrations (tracer for lithogenic particles), P-Mn/Al ratios 
(tracer for Mn-oxides), nor P-P concentrations (tracer for biology) are anomalously high 
at this depth. While it is possible that the P-Pb maximum results from particle 
scavenging at the D-Pb maximum (Fig. 36), similar scavenging is not seen at depths 
shallower than 300 m, as evidenced by a lack of elevated P-Pb concentrations resulting 
from scavenging (Fig. 37). Furthermore, no anomalous features are observed in the 
temperature, salinity, density or dissolved oxygen profiles, either. 
Therefore, the P-Pb feature at Stn. 1 most likely does not result from particle 
scavenging by lithogenic, authigenic, or biogenic particles, and thus is likely advected, 
along with the D-Pb, from the source. Of the sources previously mentioned, transport 
from the ECS shelf by the Kuroshio Current best fits the evidence, according to the 
following proposed mechanism. As the Kuroshio Current enters the Okinawa Trough off 
the coast of Taiwan, it mixes with the D-Pb rich waters of the ECS. In addition, the 



















Fig. 37. P-Pb at Stn. 1 (34°28'N, 146°59.2'E). 
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material, which likely contains elevated P-Pb. Lin et al. (2000) report that in the ECS, 
the suspended particle Pb concentrations are enriched far above the predicted crustal 
abundance relative to Al (0.25x10"3 (mass)) due to riverine input and/or scavenging, 
therefore, the average P-Pb/Al ratios are higher (1.36xl03 (mass)). At Stn. 1, the P-
Pb/Al ratios reach a maximum at 300 m (Fig. 38), where the dissolved and particulate Pb 
maxima were also observed. In summary, the Pb features at Stn. 1, 300 m, are consistent 
with an ECS source of high dissolved and particulate Pb concentrations. 
2.3. Particulate Pb removal 
P-Pb might be expected to settle from the water column before reaching Stn. 1, 
especially considering the great distance between Stn. 1, 300 m, and the ECS (Taiwan to 
Stn. 1= 2800 km). However, the Kuroshio Current is a swift western boundary current, 
with velocities as high as 1 -2 m/s (May 2002 ADCP data from the Japan Oceanographic 
Data Center: http://www.iodc.go.ip). Therefore, if I assume the Pb entered the Kuroshio 
Current off the coast of Taiwan and traveled at 1-2 m/s, then the Pb would reach Stn. 1 in 
only 16-32 days. In addition, if the particulate material were to enter the Kuroshio 
Current as it exits the Okinawa Trough/ECS, the distance to Stn. 1 would only be 1800 
km and take 11-21 days. Suspended particle Pb concentrations off the coast of Taiwan 
ranged from 14-58 pM at 5 m and 24-96 pM at 30-50 m (Lin et al., 2000). 
While the size and settling velocity of the Pb particles are unknown, it is likely the 
P-Pb originates during resuspension of ECS shelf sediments by the Kuroshio Current. 
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Fig. 38. P-Pb/Al at Stn. 1 (34°28'N, 146°59.2'E). Dashed line indicates crustal abundance 
(0.25xl03). 
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if the source of the P-Pb was due to scavenging of D-Pb, then I might expect a significant 
fraction of particles to be smaller, existing as "suspended particulate matter" with a 
greater residence time than the settling particles. If I select a realistic P-Pb concentration 
of 50 pM in the Kuroshio Current as it travels within the Okinawa Trough, then even 
with the short travel time of 2-4 weeks to Stn. 1,1 can see that most (-70%) of the P-Pb 
has settled away, as the P-Pb concentration at Stn. 1, 300 m, is only 15 pM. Therefore, it 
is reasonable to assume that the P-Pb from the ECS may be carried a short distance from 
the shelf, but would likely not be transported much further horizontally before being 
removed through settling. 
2.4. Offshore D-Pb transport in mode water 
In contrast to the rapid removal of P-Pb, D-Pb has a surface water residence time 
of ~2 years (Lin et al., 2000) and may be subject to extended offshore transport. The 
temperature, salinity and density (15.2°C, 34.63, 25.66 ae) at Stn. 1, 300 m, are consistent 
with Subtropical Mode Water (STMW), which is formed within the eddy-active Kuroshio 
Recirculation region (Measures et al., 2005; Qiu et al., 2007). Essentially, the STMW is 
formed by seasonal changes in mixed-layer depth, and is defined as the water mass of 
potential density between 24.76-25.61 kg/m3 (Oka et al., 2007 and references therein). 
STMW is known to spread across the North Pacific subtropical gyre and material present 
in the water at the time of formation may be transported great distances, such as has been 
observed for D-Al (Measures et al., 2005). Therefore, the strong subsurface D-Pb 
maximum may be observed at other locations "downstream" of Stn. 1. Fig. 39 shows the 
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D-Pb profiles (against potential density) of subtropical gyre stations occupied during the 
IOC 2002 cruise: a subsurface maximum can clearly be seen within the potential density 
range of the STMW. Interestingly, while D-Pb concentrations in general decrease from 
west to east, there does not appear to be an obvious steadily decreasing gradient in 
subsurface D-Pb concentrations. This lack of a gradient may attest to the 
seasonal/episodic nature of both D-Pb inputs to the surface mixed layer and the physical 
characteristics that influence the formation of the STMW. Nevertheless, the subsurface 
maximum is clearly seen within the STMW and is distinguishable from the surface 
variability in D-Pb concentrations from episodic atmospheric deposition of anthropogenic 
aerosols. 
Another possible implication of this delivery mechanism can be seen in Pb 
distributions near the coast of Hawaii. Boyle et al. (2005) recently reported that surface 
D-Pb concentrations at Station ALOHA have decreased by between 1976 and 1999, 
reflecting the global effort to eliminate Pb from gasoline. However, just below the 
surface mixed layer, D-Pb appeared to persist at levels nearly identical to those observed 
20 years prior, apparent as a subsurface D-Pb maximum at 200-400 m (Fig. 40). While 
the subsurface D-Pb maximum was acknowledged by the authors, no suitable explanation 
was offered (Boyle et al., 2005). Using temperature and salinity data reported by Boyle 
et al. (2005), the water mass from 200-400 m was found to have a potential density range 
of 25.4-26.5 ae. The shallower potential density value (25.4 OQ) is consistent with that of 
STMW and agrees with the mechanism of Kuroshio transport described above. 
However, the deeper potential density value (26.5 OQ) is outside the range of the STMW 
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Fig. 39. STMW transport of D-Pb across the North Pacific subtropical gyre. Dashed lines 
indicate upper (24.76 oe) and lower (25.61 oe) potential density limits for the STMW. 
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Fig. 40. Comparison of D-Pb at Stn. ALOHA from May 1999 (Boyle et al. 2005) and May 
2002 (IOC 2002). 
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CTe), which forms along the subtropical-subarctic frontal zone, eastward along the Mixed 
Water Region (MWR) (Oka et al., 2009). IOC 2002 Stns. 4 and 5 (Fig. 33) are located 
within the MWR, where surface D-Pb concentrations (Fig. 35) are high (60-90 pM): any 
mode water formed in this region would carry with it the high D-Pb concentrations of the 
source waters. My own data from Station ALOHA (Stn. 9) shows a similar D-Pb 
maximum like the May 1999 profile of Boyle et al. (2005), though slightly deeper (300-
500 m) and at a greater potential density range (-26.0-26.7 c?e; Fig. 39). While some of 
this variability may be due to differences in sampling resolution, it is also possible that 
these differences reflect the temporal variability of Pb inputs and mode water formation 
and transport in the North Pacific. 
In summary, the lack of a subsurface decrease in D-Pb concentrations at Stn. 
ALOHA observed by Boyle et al. (2005) cannot be explained solely by decreases in 
atmospheric inputs. Horizontal transport of Pb-enriched waters provides a reasonable 
explanation for the near-surface features observed both before and after the phase-out of 
leaded gasoline. My own results demonstrate that: 
(1) The Kuroshio Current can collect high concentrations of D- and P-Pb as it passes 
through the East China Sea (Lin et al., 2000). 
(2) While P-Pb is removed quickly, D-Pb can be transported far into the open ocean by 
the Kuroshio Current, which flows ~l-2 m/s. At this current velocity, Pb-enriched water 
from the East China Sea can be transported as far away as Hawaii (-6500 km) in only 2.5 
months, which is well within the residence time of Pb (2 years). 
(3) Water from the Kuroshio forms multiple mode water masses, including Subtropical 
Mode Water and Central Mode Water. While the formation and destination of these 
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water masses vary in time and space, they carry with them the high D-Pb concentrations 
of their source waters. 
3. Conclusions 
Dissolved and particulate Pb distributions are distinct from the other trace metals 
in the western and central North Pacific. Higher dissolved concentrations in surface and 
mode waters are well-correlated with the Kuroshio Current and associated mode water 
formation. Furthermore, vertical profiles of particulate Pb near Japan suggest subsurface 
inputs in addition to atmospheric inputs. A possible source for this Pb is the East China 
Sea, a marginal sea heavily influenced by anthropogenic inputs. 
Mode and intermediate water transport is a valid mechanism for explaining 
features that vertical processes cannot satisfactorily account for. In fact, the evidence 
presented here favors long-range Pb transport by mode water masses rather than by 
atmospheric input in some areas, resulting from decreasing atmospheric contributions and 




The results of this work answered several questions presented in the prospectus 
concerning trace metal biogeochemical cycling in the western North Pacific. 
Are the effects of margin processes limited to the immediate continental shelf/slope? 
Using particulate Mn, Fe and Al concentrations and relative abundances in 
concert with the hydrographic processes of the western North Pacific, margin inputs were 
shown to be transported much further than the immediate coastline. The Oyashio Current 
sweeps along the Kuril-Kamchatka margin, collecting resuspended and redox-mobilized 
sediment inputs. The redox-mobilized sediment inputs were identified by high dissolved 
Mn concentrations as well as Mn-enriched suspended particulate material. The Mn-
enriched particles were assumed to form after dissolved Mn escaped from the sediments, 
and dissolved and particulate distributions agree with expectations regarding bacterially 
mediated Mn-oxidation. The low oxygen concentrations below the surface waters in the 
WSAG hinder dissolved Mn from oxidizing to particles, while Mn-oxides mixed higher 
to the surface can be photochemically reduced in reactions with light and DOM (Obata et 
al., 2007). 
The concentrations of both dissolved and particulate Mn increase as the Oyashio 
travels to the southwest, indicating that sediment fluxes along the Kuril-Kamchatka 
margin could be relatively cumulative and concentrations of trace metals would continue 
134 
to accumulate until the Oyashio Current meets the Kuroshio and turns to the east, away 
from the coast. The Oyashio Current encounters the Kuroshio Current from the south, 
forming eddies and intermediate water masses along the Mixed Water Region. Evidence 
of a subsurface Central Mode Water eddy was observed at Stn. 1, which contained high 
concentrations of dissolved and particulate trace metals. The elemental ratios of Mn, Fe 
and Al in the particulate material were consistent with those of margin inputs, suggesting 
that subsurface eddies formed from surface waters can carry the material from the surface 
to intermediate waters (between 100-1000 m). Furthermore, Central Mode Water was 
found at stations along the Mixed Water Region to the east (Stns. 4 and 5), which also 
held a subsurface plume with elevated Mn concentrations. 
In addition to the redox-mobilized margin material from the north, the influence 
of resuspended material from the East China Sea or the Izu-Bonin Ridge was also 
apparent at Stn. 1. The elemental abundances in this material did not display Mn-
enriched maxima, indicating that redox-mobilized processes were less important than 
inputs by resuspension. This material was not found at other stations, suggesting that it 
was only transported a short distance before settling out of the water column. 
Ultimately, these data suggest that suspended particulate material can be 
transported great distances, depending on the nature of the material. Resuspended 
material is likely composed of larger eroded particles, which settle quickly and thus have 
a short residence time, whereas material resulting from the oxidation of redox-mobilized 
sediment fluxes is likely to remain in the dissolved phase or be oxidized to small 
authigenic particles (possibly colloidal). These fine particles would likely settle slower 
(if at all), and therefore are more likely to be transported further from the margin source. 
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Is horizontal advection of intermediate water masses a significant influence over trace 
metal distributions in the western North Pacific? 
While vertical processes best explain many oceanographic distributions, some 
vertical profiles are strongly perturbed by horizontal processes. The hydrography of the 
western and central North Pacific revealed multiple intermediate water masses. When 
the trace metal profiles were considered in a strictly vertical sense, there were many 
samples that initially appeared to suffer from contamination or analytical error. 
However, upon comparing these "suspect" trace metal concentrations with known 
characteristics of the intermediate water masses of the region, the trace metal 
distributions appear consistent with oceanographic processes. As mentioned previously, 
likely inputs from the Kuril-Kamchatka margin were observed at stations to the south and 
east, carried by subsurface mesoscale eddies and intermediate water masses far beyond 
the point of introduction. In addition, high concentrations of dissolved Pb observed in 
subtropical mode water could originate in the East China Sea, where anthropogenically 
perturbed waters mix with the Kuroshio Current and are then carried across the western 
and central North Pacific. 
Do margin inputs affect the biogeochemical cycles of other trace metals? 
It appears that the Kuril-Kamchatka margin not only injected greater 
concentrations of Mn and Fe to the western North Pacific, but was also a significant 
source of Co. Based on elemental averages in lithogenic and biogenic material, the 
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relative contributions of Co was estimated in the particulate material. Features in the 
particulate Co profile were then resolved, revealing the biogenic, lithogenic and margin 
processes contributing to the total particulate Co distribution. The "other" particulate Co 
fraction was closely correlated with that of Mn, indicating that both Co and Mn 
originated from the nearby continental margin. Furthermore, the distributions of both 
elements appear to be controlled by light, oxygen and biological processes in the water 
column. 
Particulate Cd distributions also appeared to be controlled by the margin inputs, 
but not in the same way as Co. Elevated particulate Cd/P ratios coincided with 
particulate Mn/Al ratios, but attempts to resolve the Cd fractions using average elemental 
ratios did not show a clear relationship like Co. Interactive influences amongst trace 
metals, including Mn and Cd, can affect the relative biological uptake rates of the 
different trace metals (Flegal et al., 1989): therefore, the elevated Cd/P ratio could reflect 
increased Cd uptake rates upon alleviation of Mn inhibition as Mn-oxides are formed. 
What is the mechanism behind the high dissolved trace metal concentrations in the 
surface waters of the WS AG? 
Anthropogenic inputs to the WSAG have been proposed to explain elevated 
concentrations of trace metals such as Ag (Ranville and Flegal, 2005) and possibly As 
and Sb (Cutter and Cutter, 2006). Therefore, anthropogenic inputs might be responsible 
for the elevated concentrations of other trace metals like Cd, Cu and Ni. However, the 
dissolved and particulate distributions from the WSAG can be explained almost entirely 
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by natural (lithogenic and biogenic) processes and the physical oceanography of the 
region without invoking significant anthropogenic inputs. Upwelling of deep water is 
probably the dominant input of most trace metals (except Mn and Co) to the surface of 
the WSAG, and modeling of the upwelling fluxes in the WSAG will further resolve the 
relative significance of the various input and removal processes. 
Future directions 
The results of this project provide a basis for exploring other oceanographic 
processes in the western North Pacific. 
Interactive influences of trace metals on marine productivity 
Biological demand and uptake of trace metals is affected by many factors 
(Bruland et al., 1991; Bruland and Lohan, 2003; Morel et al., 2003), including the 
interactive influences of Cd, Cu and Zn (Wei et al., 2003); Cd, Co and Zn (Inoue and 
Tanimizu, 2008; Saito et al., 2008); and Mn, Fe, Cd and Zn (Flegal et al., 1989). 
However, since most influences depend upon the free metal concentrations and not the 
total concentrations, the organic complexation and speciation of the relevant trace metals 
must be determined. The high total dissolved metal concentrations in the WSAG could 
be toxic to many marine microorganisms, thus affecting community composition and 
primary productivity. This could be investigated using shipboard bioassay experiments 
and/or molecular techniques. 
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Margin fluxes of Mn and other elements 
Margin inputs of Mn and other elements could significantly affect the 
biogeochemistry of open ocean regimes. This data set allows the relative inputs by 
atmospheric, vertical and horizontal processes to be estimated according to the advection-
turbulent mixing equation, 
dt dxK J dyK J dzK J dx V x dxj dy \ ^ dyJ dz\ z dzj J' 
where the change in concentration with respect to time (—) is equal to changes in 
concentration due to advection (uC, vC, wC) plus changes in concentration due to 
turbulent mixing (kx — , ky—, kz —) plus any changes due to additional inputs or 
removal (/). Horizontal processes (such as lateral margin inputs) are difficult to quantify 
due to the lack of data over such large scales, where currents and concentration gradients 
occur over hundreds of km. There is much greater resolution in the vertical dimension, 
where processes (and sampling) occur over scales of meters to hundreds of meters. The 
advection-turbulent mixing equation can then be simplified to show mixing terms in only 
the vertical dimension, and the horizontal terms will be accounted for in/ , 
T" = ~ T" (wC) + — \kz — ) + J. dt dzK J dz V  dzj J 
If steady-state is assumed, then — must equal zero and the sum of all inputs must equal 
the sum of all removal terms, 
- j-z (wC) + yz (kz | j ) + CatmVdep + Trap Flux 
d x K J dx V x dxj dyK J d y \ y dy) ' 
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where CatmVdep is the atmospheric deposition flux and Trap Flux is the sinking particle 
flux. By quantifying as many of the most significant vertical and in situ processes as 
possible, a mass balance of these fluxes should allow the horizontal advection of material 
from the shelf to be estimated. 
Vertical inputs of Mn at Station 2 (KNOT) can be estimated using data reported 
here and values for the upwelling and vertical turbulent mixing coefficients can be found 
in the literature. Values for w in the western North Pacific have been reported by Bograd 
et al.(1999) and are 0.043-0.086 m/d. Values for KZ, the vertical turbulent diffusivity 
coefficient, have been reported by Talley (1995) and are 1-10 m /d. It should be noted 
that constant values throughout the water column are assumed in this example, but depth-
dependent values for KZ can be determined from the density gradient (Gargett, 1984). 
Using a value of 0.043 m/d for w and 5 m2/d for KZ, the upward flux of D-Mn between 20 
m and 150 m is found to be 55 nmol/m /day by advection and -29 nmol/m /day by 
turbulent mixing, resulting in a total D-Mn upward mixing flux of 26 nmol/m2/day. 
Similarly, the advection and turbulent mixing fluxes of P-Mn are found to be 18 
nmol/m2/day and 12 nmol/m2/day, respectively, resulting in a total P-Mn upward mixing 
flux of 30 nmol/m2/day. During the occupation of Station 2, aerosol concentrations of 
Mn were -20 pmol/m as estimated from aerosol Al concentrations from Cliff Buck 
(personal communication) and an average crustal abundance of 600 ppm Mn/80300 ppm 
Al (Taylor and McLennan, 1985), which results in an atmospheric flux of 20 
nmol/m2/day if a deposition velocity of ~1000 m/day is applied (Buck et al, 2006). 
Sinking Mn particle fluxes at Station K2 near Station 2 were found to be ~ 100 
nmol/m /day (Lamborg et al., 2008). Combining the upward mixing (56 nmol/m /day) 
and atmospheric (20 nmol/m /day) fluxes with the sinking flux (100 nmol/m /day) results 
in a "missing" flux of-20 nmol/m2/day into the upper 150 m at Station 2. As both 
dissolved and particulate Mn have been accounted for in this exercise, in situ processes 
such as biological uptake and remineralization cannot explain this missing flux. 
Therefore, it is likely that this 20 nmol/m2/day flux results from horizontal transport of 
material, possibly originating from the Kuril-Kamchatka margin. The fluxes of other 
trace metals can be investigated in a similar manner, with the potential to identify other 
"missing" fluxes that might be due to horizontal inputs of margin material. 
However, despite the fact that this example provides reasonable flux values for all 
the relevant terms, it must be noted that there are large errors associated with each of the 
input and mixing terms. While the Mn concentrations are well-known, the values for w 
(0.043-0.086 m/d) and KZ (1-10 m2/d) vary greatly. Appropriate values for each of these 
terms were chosen for this exercise, but if the lowest and highest values are selected, the 
"missing" flux values range from -38 nmol/m /day (suggesting a larger horizontal source 
input than the initial estimate) or 67 nmol/m /day (suggesting that there is actually an 
excess input flux of Mn and an additional sink term that is missing). Similar 
complications arise in the atmospheric deposition flux estimate, which assumes a 
"typical" deposition velocity and neglects wet deposition. As has been demonstrated, no 
matter how accurate and precise the trace metal concentrations, small changes to the 
mixing and input terms can have a tremendous influence on the flux estimates and the 
subsequent interpretation of the data. 
Biotic or abiotic oxidation ofMn and other redox active metals 
The oxidation of Mn, Co and Ce may result from biotic or strictly inorganic 
geochemical processes. While both mechanisms have been shown to produce a similar 
result, the biologically mediated reaction rate is as much as 105 times higher than that of 
geochemical processes. By calculating the oxidation rates of Mn, Co and Ce, the 
mechanism (biotic or abiotic) could be identified and possible biogeochemical 
implications explored. 
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APPENDIX B 
SUMMARY OF REFERENCE MATERIALS SAFE SI AND D2 
Fe(nM) Mn(nM)a Pb(pM) Cd(pM) Co(pM) Cu(nM) Ni(nM)b Zn(nM) 
SAFeSl 0.094±0.007
 D _ n^„ n o 47±4 1 4±2 0.52±0.06 2.574±0.132 0.06±0.01 
This project 0.143±0.050 0.904±0.060 43±1 5±2 2.2±1.5 0.577±0.087 2.243±0.056 0.489±0.309 
A • n 32±0 02 
SAFeD2 0.92±0.06 " ' ' 27.4±2.1 995±40 43±4 2.11±0.31 8.480±0.716 6.9±0.7 
B: 0.47±0.03 
This project 0.862±0.057 0.457±0.054 26±2 822±16 40±2 2.263±0.346 7.926±0.085 5.919±0.829 
a
 Discrepancy in Mn concentrations: one cluster of labs (A) reproducibly reports lower concentrations, while another cluster of 
labs (B) reproducibly reports higher concentrations. No resolution at the time of this report (Ken Bruland, personal 
communication). 
b




SUMMARY OF DISSOLVED TRACE METAL BLANKS 
LISTED BY ELEMENT AND DATE OF ANALYSIS 
VALUES FOR BUFFER AND RINSE MQ ALL FROM 11/8/2007 
Fe (nM) Acid sd Buffer sd Rinse MQ sd Total Blank sd DL (3xsd) 
10/26/2007 0.1010 0.0063 
11/1/2007 0.0638 0.0040 

















Mn (nM) Acid sd Buffer sd Rinse MQ sd Total Blank sd DL (3xsd) 
10/26/2007 0.0048 0.0004 nd 
11/1/2007 0.0033 0.0007 nd 
11/5/2007 0.0022 0.0010 nd 

















Pb(nM) Acid sd Buffer sd Rinse MQ sd Total Blank sd DL (3xsd) 
10/26/2007 0.0009 0.0001 
11/1/2007 0.0007 0.0001 





















Cd(nM) Acid sd Buffer sd Rinse MQ sd Total Blank sd DL (?>xsd) 
10/26/2007 0.0036 0.0007 nd 
11/1/2007 0.0031 0.0004 nd 
11/5/2007 0.0026 0.0006 nd 
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